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Preface

This project was undertaken with the intent of
acquiring & knowledge base of the available tools with
which to do CMOS/BULK design work. This knowledge base
includes the "how to" of each tool to ease the frustration
that a designer might experience (and avoid the frustration
that I experienced). The easiest tools to use are the ones
that are presented in the pages of this thesis.

The CMOS/BULK library that was put together is by no
means complete, but it gives the designer a head start and
hopefully will tickle his imagination to add new cells and
perhaps better versions of the old ones.

I would 1like to thank my thesis advisor, Bill Sutton,
tfor his invaluable help, gquidance, and draft reviews in
completing this project. I would also like to thank Hal
Carter and Joe Hamlin for their help in getting BANE up and
running on the VAX 11/780.

Special thanks goes to my lovely new wife, Angela, for

putting up with all of this.

Michael L. McConkey
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A complete CMOS/BULK design cycle has been implemented

and fully tested to evaluate its effectiveness as a viable

- . i 3
[; set of computer-alided design tools tor the layout,

verification, and simulation of CMOS/BULK integrated

clrcuits. This design cycle is good for p-well, n-well, or A
? twin-well structures, although current fabrication - }
Eﬁ techniques available limit this to p-well only. BANE, an ]

integrated layout program from Stanford, is at the center of
E ‘e this design cycle and was shown to be simple to use in the “':
if layout of CMOS integrated circuits (it can also be used to ’
E- layout NMOS integrated circuits). .
h A "flowchart"” was developed showing the design cycle t:'"‘“:
: trom 1initial layout, through design verification, and to T':;
_ circult simulation wusing NETLIST, PRESIM, and RNL from the | i
? University of Washington. A CMOS/BULK library was designed !
&f and 1ncludes logic gates that were designed and completely
:a tested by following this "flowchart”. Also designed was an
? arithmetic logic wunit as a more complex test of the 4
;2 CMOS/BULK design cycle. ]
‘ @ !
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ANALYSIS OF THE CAPABILITY 10 EFFECTIVELY DESIGN

COMPLEMENTARY METAL OXIDE SEMICONDUCTOR

INTEGRATED CIRCUITS

1. Introduction

Background

The Department of Defense has always been a major
driving force behind the development of new and better
technologies, and this 1s especially true in the field of
microelectronics and 1integrated circuits. The development
of integrated circuits and their successful use in military
applications has had a great impact on the size, functions,
and data processing capabilities of military systems such
as aircraft, missiles, and satellites. But integrated
circuit technology has been increasing steadily for
commercial applications and not for military applications
(1:273). Although integrated circuits that are targeted
for the commercial wmarket are somewhat reliable, they do
not meet Department of Defense requirements in terms of
"reliability, testability, immunity to environmental
stress,  and  speed®™  (1:274). Because of this, the VHSIC
proyram was created.

The VHSIC program (Very High Speed Integrated
Circuits) was created 1in 1978 and was put into affect in
1980. It is a four phase program spanning over seven years.
It is designed to meet the objective of developing advanced

integrated circuits for wuse in future military systems

1-1
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(L:270). The product of the VIS1IC program will be
integrated circuits with very high switching speeds, low
power consumption, and radiation hardening. In order to
get  the high switching speeds, more and more transistors
have to be packed onto the same lntegrated circuit. VLS1
technology 1s capable of doing this. But increasing the
number of  traansistors on  the saime circuit also lncreases
the power consumption o the circuit. A trend towards the
use  of CMOS has developed to obtain both high switching
spued and decreased power consumption., Also CMOS
technology has o somewhat better radiation resistance than
other leadling transistor technologies (2:58).

Althoughh CMOS 1is not the only viable technology for
use  1n the VLSI/VHSIC programs, it 1s a proven technology.
Some  ©of the features that make CMOS desivrable are as
rollows: (3)

. Static power dissipation 1s extremely small.
Excellent nolse immunlity.

Faster than p-channel MOS.
TTL compatible.

o
PR

Also dynamic CMOS «clrcuits are comparable 1n speed and
design complexity to  the same type of circult implemented
1 NMOS (4:480).

Currently, CMOS technology is being applied to
MICroprocessors, RAMs, and analog devices such as

opurational amplifiers and analog-to-digital converters.

Very large, 256K, RAMs have been designed by using dynamilc




CMOS circuits where many n-channel transistors are used
with Jjust a few p-channel transistors, and there exists olne
design that uses an  NMOS memory cell in conjunction with
high performance CMOS periphery circuitry (10). 1In this
way, all the benefits of CMOS are obtained with the high
switching speed of NMOS. CMOS circuilts are also ideally
suited for analog applications because of the large voltage
swing that CMOS can provide. Thus, analog and digital
devices incorporating CMOS circuitry can be fabricated on

the same integrated circuit.

Problem Statement

The purpose of this thesis is to provide an analysis
of the capability to effectively generate CMOS integrated
circuits at AFIT. Currently, only NMOS circuit generation
exists, but computer-aided design tools for CMOS have

recently arrived and are now on the VAX 11/780.

Sco

a

Because the CMOS computer-aided design tools are new,
they will be studied to determine their effectiveness in
generating integrated «circuits. These tools include a
descriptive chip layout language, a design rule checker, a
circuit simulator, and a cell library. Each tool's
effectiveness will be determined by actually designing an
integrated circuit. This circuit will be a 4-bit

arithmetic logic wunit (ALU), and it will incorporate cells

I-3
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from the cell library.

If these tools prove to be too cumbersome or even
impossible to use, then the existing NMOS c¢ircuit
generation techniques will be studied and modified for use
in generating CMOS circuits. This study will include using
the Stanford CLL (Chip Layout Langquage) to layout the
circuit components, and then modifying the CIF (Cal-Tech
Intermediate Form) files that are produced by the Stanford
CLL. Also, 1if this approach 1is taken, compatibility
between the CMOS <cell library format and the Stanford CLL
will have to be determined. If compatibility does not
exist, then a new CMOS cell library will be developed using
the Stanford CLL.

To provide some comparisons between CMOS and other
technologies in VLSI, the ALU designed in this thesis will
be compared to an ALU of the same design using CMOS/S0S
technology. This CMOS/S0S ALU was designed by Wayne
Sommars GE-83D (5).

To provide the necessary background, one chapter of
this thesis will briefly present current CMOS technology
plus new developments that are making this technology
better. Also, differences between CMOS and CMOS/SOS will
be presented. Throughout this thesis, CMOS will refer to
bulk CMOS (silicon substrate) while CM0OS/SOS (sapphire

substrate) references will be made explicit.

......
...............
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Assumptions

In order to complete this thesis work in the time

allowed, the following assumptions have to be made:

5 1. Pads suitable for use in CMOS integrated AR

- circuits are available. These pads will include A

VDD, ground, input, and output pads. The input v
and output pads should be TTL compatible,

[ 2. The CMOS cell library contains the cells most
y frequently used 1n designing CMOS integrated
. circuits. These cells have been tested and
*; perform according to design conventions.

Summary of Current Research

Much 1is already known about CMOS. It 1is a well

documented technology that is just now being exploited for

%;‘ use in VLSI designs. Currently, research 1is being
conducted to determine how to avoid an annoying problem
called latch-up. Also, research is being conducted on how 'f
to increase the speed of CMOS 1logic to make it more _i;
desirable for VHSIC applications. Chapter II presents
Ei these items in more detail.
:2 At AFIT, there is no research being conducted in CMOS
&. technology merely because there has been no opportunity to
... do so. This thesis should open new doors for future
-
g researchers.
:~\\._
iﬁ Approach e;f
= The approach of this thesis is straight-forward. A T

working knowledge of the available CMOS computer-aided




design tools will be assembled. This will include
; "flowcharts" to show how each tool relates to another in
] the total CMOS design process. A methodology based on this
; knowledge and on the design process presented in Mead and

;i Conway (6) will then be produced for future AFIT students. -f?;

If these tools are unsuitable for use, then a methodology

based on the current NMOS computer-aided design tools will
be produced. If time allows, then compatibility between
these two sets of design tools will be analyzed. For
example, wusing SPICE or MEXTRA (both NMOS analysis tools)

on CMOS.

F DARARNARS > (i

After the design methodology has been developed, then

it will be implemented in designing a 4-bit ALU. The steps

taken 1in this design should determine whether the developed

o,

design methodology is adequate for generating CMOS
integrated circuits. The methodology will be strictly

adhered to unless such circumstances dictate otherwise.

Sequence of Presentation

Chapter 11 presents a brief background and
introduction of CMOS technology. Such items as latch-up
and precharging are discussed. Comparisons between CMOS
and NMOS, and between CMOS and CMOS/S0OS are included. The
emphasis in this chapter will be on current technological
advancements in the area of CMOS.

Chapter 1II1 includes an introduction and synopsis of

the CMOS computer-aided design tools. The use of each tool

......
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is discussed. Also, the design methodology 1s presented in
this chapter. The intent is for this chapter tc be used as
a tutorial 1in CMOS 1integrated circuit design for future
AFIT students.

Chapter IV presents the design of the 4-bit ALU. The
initial block diagrams, logic circuilts, and circuit plots
are included.

Chapter V presents the comparison between the CMOS ALU
and the CM0OS/S0S ALU designed by Sommars.

Chapter VI presents the recommendations and

conclusions based on the research included in this thesis.
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T II. CMOS Technology

This chapter prescents current advancements 1in the
broad area of CMOS. The advancements 1included in this
chapter are latch—-up improvements, speed enhancements,
design cowplexity improvements as compared to NMOS and

CMOS/5S0Ss, and current advancements in CMOS/S0OS at AFIT.

Al

Before these advancements can be discussed, a brief
overview of CMOS 1s necessary. The reader may wish to
é. proceed to the next section if he is already familiar with .

this technology.

L aun oy

The CMOS Process

Complementary metal-oxide-semiconductor technology,
CMOS, 1is «currently one of the leading transistor logic
families for VLS1 design. Its low power consumption and
excellent nClise immunity make 1t ideally suited for
integrated circuits whose design complexity requires more
transistors to be packed on a given piece of substrate.

CMOS technology actually consists of two separate MOS
technologies; that of p-channel MOS, PMOS, and n-channel
MOS, ©NMOS. Conventional CMOS is known as bulk CMOS because
it has a silicon substrate, as opposed to CMOS/S0S which
has a sapphire substrate. There are three different
possible structures for a CMOS transistor, and these are

shown in Figure II-1. Typically, most CMOS circuits are

11-1
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. Figure II1-1. CMOS Structures (4:483)
- -
kl constructed wusing a p-well simply because it was the rirst
S wethod.
All three are claimed to have advantages in enhancing
the performance of a CMOS circuit. For the first method,

bulk CMOS starts with an n-type substrate into which a

&. p-well is  diffused. This well eventually holds the NMOS
? clrcult.

After this diffusion, cuts are made to diffuse in the

for the PMOS circuit which have a higher

material. Next, cuts are made over
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the p-well to

circuit. Following this

L ftormed. The

sandwiched between silicon dioxide (2).

metal is laid down to make the

interconnections. Note also in bulk CMOS

usually 1s an extra step

between each

increases the isolation between transistors (2).

Figure 11-2 shows a basic

of a PMOS circuit and an NMOS circuit.

aint RN 4

transistors work together to

the name complementary MOS or CMOS.

time, only one transistor of the pair is on.

o,

CMOS technology

(0 or 1)

disslipatlion only occurs when the

L _RASRSAREREREN ) |

This low power dissipation

systems that cannot provide a

space vehicles or the

thiat  both transistors are

This provides active

CMOS inverter.

Figure 11-2 also shows

characteristic for the CMOS inverter.

: voltage, V., is zero,
» .o 1

the NMOS transistor is off. This 1s because

II1-3
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diffuse 1in the source and drain of the NMOS
the gates of each transistor are
gate 1s usually an arrangement of polysilicon

In the last step,

consisting of etching a groove

transistor and growing silicen dioxide.
CMOS inverter which consists

provide the switching, thus

At any instant of R

so desirable is that in either logic state
negligible power is drawn from the source.
logic state switches.

makes CMOS ideally suited for
large power supply,
new portable microcomputers.
enhancement mode transistors.

pull-up and active pull-down for the

the typical voltage transfer
When

the PMOS transistor 1is on while

the PMOS SRR
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Figure I1-2. Typical Inverter and Voltage
Transfer Characteristic

(7:238,239)
trunsistor requires negative gate-source and drain-source
voltages to cause channel formation while the NMOS

transistor requires positive gate-source and drain-source
vultayus. The output voltage, Vo, is high because it

1s at the supply voltage potential through the PMOS

Andeahnabeah A

transistor. As Vi is increased, the NMOS transistor
turns on (saturation) causing Vo to drop. . 4
-3
A further increase in V., causes both transistors n
to be saturated. It is at this point that the maximum -
power dissipation of CMOS occurs., Finally, when Vi is 4
11-4 s
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Figure II-3. a) CMOS NAND gate b) CMOS NOR gate
¢c) CMOS Transmission gate
a threshold voltage (that voltage required for channel
tormation) below the supply voltage, the NMOS transistor is
on and the PMOS transistor 1is off (7:239). The output
voltuygye 1s now low because 1t 1s at ground potential
througyh the NMOS transistor.

Most CMOS «circuits consist of variations of the CMOS
inverter. Shown 1in Figure II-3 are a CMOS NAND gate and a
CMOS NOR gate. In the NAND configuration, both n-channel
transistor gates must be high to provide a path to ground.
Utherwise, the p=channel transistors stay on driving the

output to vdd (normally 5 volts.) In the NOR

I1-5
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configuration, operation is opposite.

Also shown 1in Figure II-3 1s the CMOS transmission
gate. This gate is useful in 1solating different sections
ot combinational logic. Current flow through this gate is
bi-directional depending on the active phase signal. When
the phase signal is high (complement low), current can flow
through the transmission gate in either direction because
both the p-channel and n-channel transistors are on. When
the phase signal is low (complement high), the transmission
gate becomes a high impedance device because both
transistors are off.

There exist many innovative forms of CMOS technology.
All improve or take advantage of certain characteristics of
CMOSs. High performance CMOS, HiCMOS, uses the twin well
structure along with a double layer of polysilicon to
increase the speed and density of conventional CMOS (8).
Stacked Transistors CMOS, ST-CMOS, stacks the p-channel
transistor on top of the n-channel transistor to increase
the packing density (9) which makes it comparable to
densities achieved with standard NMOS  technology. Then
there 1s CMOS on insulating substrate such as CMOS/SOS.
More will be said about CMOS/SOS later in this chapter.
These are  just three of the many forms of CMOS technology
that can be used in circuit applications.

Currently, CMOS technology is being applied to
microprocessors, RAMs, and analog circuits such as

operational amplifiers and analog-to-digital converters.
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Very large, 256K, RAMs have been designed by using dynamic
CMOUS circults where mahy n-channel transistors are used
with Jjust a few p-channel transistors, and there exists one
design  that  uses an NMOS mewory cell 1n conjunction with
high performance CMOS periphery circultry (10). In this
way, all the Dbenefits of CMOS are obtained with the high
switching speed of NMOS. CMOS circuits are also ideally
suited for analog applications because of the large voltage
swing that CMOS can provide. Thus, analog and digital
circuits incorporating CMOS circuitry can be fabricated on

the same integrated circuit.

CMOSs Latchup

CMUS «circuits are subject to an undesirable condition
Called latch-up. When latch-up occurs, the CMOS circuit
locks 1into a logic state and will stay that way until the
power is disconnected or the circuit burns out. An
e¢lectrical  transient 1in  the power supply that exceeds the
absolute value of either vdd or Vss (the most negative side
of the supply voltage which 1s usuaily 0V or ground) is
cnoughh to  cause latch-up. Thls transient can be caused by
a  sudden switchilng capacitance or 1t canh even be caused by
radration (2).

Latch-up occurs because of the structure of a CMOS
clrcuilt. CMOS exhibits parasitic npn and pnp bipolar
transistors as shown in Figure 1I1-4, This figure shows a

p-well example, but the parasitic transistors exist for the

11-7

]

. . . - - et et Lt . - . . - - . -t L I S e P S - . P T P P ) . -
- e N . A P R A S A RN P TP T R RIS I IR
S ta it T el e s e e n at ata aa a a a eaat e el atat et et et ata At At e tatatatataYatata Cat il oYLl




N SUBSTRATE

ouT

P

\/oo e

— Vs

—l—-—__—ﬁJ
Ronge

ouT

Figure I1-4. CMOS Inverter Cross Section Showing
Parasitic Bipolar Transistors
n-well and the twin well structures as well.

Notice in the figure that the collector of the npn
trunsistor drives the base of the pnp transistor and vice
versa. This forms a pnpn junction which is an SCR, silicon
contrelled rectitfier. The latch-up occurs when the
transient voltage 1s sufficiently large enough to Cause an
Ik drop exceeding 0.7V across either of the emitter-base
shunt resistors (4:490). Once one of the transistors turns
on, the other will also turn on. Because the collector of
each transistor drives the base of the other, both will

turn on hard and fast. This quickly causes the power
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Figure II-5. CMOS Device with Guard Bands (7:243)

supply to be almost completely shorted. A large amount of
current flows through this circuit which is why latch-up
can be potentially damaging to the CMOS circuit.

Latch-up susceptibility zan be reduced or even
elimindated 1n CMOS circuits by careful layout of the CMOS
circuits and by either reducing the product of the current
gains of the parasitic transistors to be less than
one (hFE X hpp < 1), or by reducing

pnp npn
the emitter-base shunt resistance of the parasitic pnp

transistor (11:248), or by wusing guard bands around the

p-channel and n-channel transistors that comprise the CMOS
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clrcult. The latter method was the first one to be used.
Figure 1I1-5 shows how the guard bands are used. The
p-channel transistor is surrounded by a continuous n+ ring,
and the n-channel translistor is surrounded by a continucus
p+ ring (7:243). Guard bands collect the minority carriers
betore they reach the collectors of the parasitic
transistors. Guard bands find the most wuse in 1I/0
circultry where irput protection from transients 1is
critical (4:490). The major disadvantaye of using guard
bands 1s that they increase the dimensicns of the CMOS
circuit.

One of the more effective ways of reducing latch-up
susceptibility 1is by reducing the product of the current
gains of the parasitic transistors. This method is most
effective when a p-well 1is wused, and is accomplished by
using a p+ buried layer under the p-well (4:490). This
method increases the base width of the vertical npn
parasitic transistor which decreases 1its current gain
(12:254). Other methods of reducing the product of the
current gains 1s by using a Pt-Si Schottky barrier on the
pPMOS circuit's souUrce and drain (13), or by usilng
retrograde impurity profiles for the well diffusions (14).

The final method of reducing latch-up susceptibility
is by reducing or eliminating the emitter-base shunt
resistance of the ©parasitic pnp transistor. This can be
done easily by growing a lightly doped epitaxy over a

heavily doped substrate (4:490). If a p-well 1is used, then

II1-10
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the epitaxy/substrate structure 1is n/n+, and if an n-well
is used, then the structure is p/pt+.

Latch-up characterization 1is dependent on the type of
CMOS structure used and influences the choice of substrate
material, In the p-well structure, the npn parasitic

transistor 1is formed vertically, and its current gain is

dependent on well Jjunction depth and impurity density,
while in the n-well structure, the npn parasitic transistor
iz formed laterally, and its current gain is dependent on
circult alignment and lateral spacing (15:451). But

latch-up susceptibility in the p-well and the n-well

: structures 1is determined more by the emitter-base shunt '
. resistances and less by the product of the current gains

) (11, 15, 16, 17). This would make the use of a lightly o
ﬁi ¢ doped epitaxy critical in hardening against latch-up in p
;i CMOS circuits that use either well structure. There is no _ -
ii difference in latch-up immunity between the two structures ;hh

1f an  epitaxial layer 1is not wused, while the p-well
structure has a better latch-up immunity than the n-well
structure if an eplitaxial layer 1s used (16:163).

Latch-up immunity in a twin well structure is also due

TPPp——
. .

! primarily to a reduction in the emitter-base shunt
{. resistances and not to a reduction in the product of the
f current gains (17). In this type of structure, though, an
3 epltaxial layer is not used to reduce the shunt
;; . resistances, but rather the impurity doping densities of

the wells are controlled and kept at 1016 o3
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Figure 11-6. Domino CMOS (4:481)

(17:171). This high impurity concentration in each well

ensures low emitter-base shunt resistances.

CMOS Speed Enhancements

A CMOS circuit 1is slower than TTL or NMOS, but it is
faster than PMOS. The reason why CMCS is slower than NMOS
is because of the added gate capacitance on the input due
to the parallel connection of the gate of the PMOS
transistor to the gate of the NMOS transistor (4:479). The

most common way of enhancing the speed of CMOS is by
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precharging the bus lines (18). These lines are pulled to
a logic 1 during one phase of the clock cycle, and during
the next phase, the bus lines are used for the transmission
of data. In this way, the CMOS circuit does not have to

supply the current necessary to pull the bus lines high

which significantly increases the speed of the circuit.

One  other wdy that 1s currently in wide wuse of

B enlianclng CMOS circuits is to use many n-channel
t; transistors with very few p-~channel transistors (4:480).
i The speed enhancement comes from the use of a large number
; of n—-channel transistors, yet the power dissipation

advantage of CMOS 1s still present because of the use of
the p-channel transistors. This type of arrangement is

known as Domino CMOS and an example is shown in Figure

I11-6.

This type of structure is called dynamic because it is
enabled only when the clock pulse is high. When the clock
pulse is low, the output remains high. A typical
integrated circuit would consist of many of these types of
devices in a cascaded connection. The data flows from one
device to another, thus the name Domino CMOS (4:480).

There 1is one other form of CMOS, called Hi~CMOS, that
ofters improved speed capability over typical CMOS.
H1-CMOS employs the use of a twin well structure with short
channel transistors and a double layer of polysilicon for
the gate (8:534). It also uses an n/n+ epitaxy/substrate

structure to prevent latch-up by reducing the emitter-base
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shunt resistances (8:535).

CMOS - NMOS Comparison

The structure of a CMOS circuit and that of an NMOS
circuit 1look similar when compared. The difference is that
where the CMOS circuit contains a PMOS transistor, the NMOS
circuit contains a depletion mode NMOS transistor with its
gate shorted to its drain. This depletion mode transistor
provides active pull-up and is always on. This means that
the NMOS circuit is always dissipating power while the CMOS
circuit 1s not. An integrated circuit manufactured with
thousands of NMOS <circuits 1is going to place a constant
load on the power source. This is why CMOS circuits are
currently being used in integrated circuits where the power v
supply is limited.

But a disadvantage of CMOS is that it requires more
square area of silicon than does NMOS. Domino CMOS and
Hi-CMOS are then used because these two forms not only
provide significant speed improvements but they also
conserve silicon real estate. Table 1I1I-1 shows a more
detalled comparison between these two technologies.,

Although 1t appedars that NMOS 1s better, the
advantages offered by CMOS can far outweigh any apparent
advantages offered by NMOS. The designer must consider the
specifications of the system before choosing a technology,

especially the power requirements.,

I11-14

e . . R S P R P U B . . : LA A
e ~_'-_:.'-,"'. AP T S _.'.."-'.‘.‘, .\_‘.'.'_". BRI LS T e s -.‘.“ IR
K RIIRTI . I B T AP T e T T LU I -
PPN A SRS PN S SR R R LS PP, LS §




- = v —— VT
]
O
Table II-1. CMOS - NMOS Operating Parameters (3)
""""""""""""""" Nwos  cWos .
power dissipation .1-10 50nW static .
per gate (mW) (freq dependent) g
fan-out 25 50 ¥
propagation delay 1-10 10-50
per gate (ns)
packing dengity 150 =70
(gates/mm<)
CMOS - CMOS/S0S Comparison J
CMOS/S0OS 1is an emerging technology that seems to offer f
better performance than bulk CMOS. A CMOS/SOS circuit is ﬁ
o
similar to a bulk CMOS circuit except that the actual -
1
transistors are formed 1in a silicon island on a sapphire f
substrate. Figure II-7 shows cross section views of a CMOS ;;
and a CMOS/S0S circuit. . J%
There really is no difference between CMOS and
CMOS/S0S in the areas of power dissipation, process
complexity, and case of design. There are three important !
difterences between these two  technologies and they are
parasitic capacitances, latch-up, and floating substrate é
affects. CMOS exhibits gate-drain, drain-substrate, and i
source-substrate parasitic capaciltances. CMOS/S0OS f{
substantially exhibits only a gate-drain capacitance which KOS
is lower than that for CMOS (5:11-22). y
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Figure II1-7. Cross Section
a) CMOS b) CMOS/SQS (19:247)

The reason for this 1s that the island diffusions are
driven down to the sapphire substrate which is an insulator
(5:11-22). Decreasing the parasitic capacitance increases
the switching speed for a given supply voltage and power
rating, This 1is why CMOS/S0OS «enjoys a faster switching
speed than CMOS.

CMOS/S0S also does not suffer from latch-up. The
sapphlre substrate does not permit this condition to occur.
There are no possible pnpn junctions in a CMOS/S0S circuit.
Although CMOS/S0S does not suffer from latch-up, it does
have a floating substrate problem that is not a part cof

bulk CMOS. This problem causes the potential on the
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1 sapphire substrate to continually rise with repetitive

* switching of the gates which reduces the drive capability ]
!’ of the CMOS/SOS circuit (19:245). b
- -
. =
i CMOS/S0S Developments at AFIT ;

! Currently, AFIT has the capability to design and
layout CMOS/S0S integrated circuits through the research
3 effort of one of its students (5). A set of CMO0OS/SO0S
?; design rules were established along with a CMOS/S0S cell

library that will permit designers to build large scale

integqrated circuits. Also developed was a CMQOS/SOS PLA - 41
generator that permits the design and layout of a PLA from 1
the boolean equations that define such a PLA. Finally, a
4-b1t ALU was designed and implemented with cells from the
cell 1library. Although no integrated circuits have been
fabricated or tested, this capability shows promise for

future VLS1 designers at AFIT.
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1I11. CMOS Layout and Verification

This chapter presents the current computer-ailded }~Eg

<
.
yw N S

design tools that can be wused to layout and verify CMOS
integrated circuits. Each tool is discussed as it pertains
to the CMOS/BULK design methodology. This chapter can
possibly be used as a tutorial in CMOS integrated design

for future AFIT students. 1

Design Tools i
BANE. A good layout language is vital to design an
integrated circuit. This 1s especlally true when the

designer cannot depend on an interactive design process but

must judiciously place each interconnect through the use of
wire and rectangle statements. The BANE process, designed
by Stantord, 1is one of the many layout tools available to

the designer.

The BANE process consists of a pipeline that starts
with a CLL (Chip Layout Language) file that describes the o
layout of the circuit and ends with a plot ofs the circuilt.
It 1is an enhanced version of the CLL CAD tool. BANE can
also produce a cifout file (".co") or a CIF file (".cif")
that 1s suitable for other CAD tools. BANE can be used for
NMOS <circuit design or for CMOS circuit design. The
enmphiasis in this thesis is its use in CMOS circuit design.

For more information on CLL, the reader should consult the

I11-1
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CLL nwanual, version 4 produced by Stanford.
. . S ]

To  get BAHE up and running onh the Vax 11/780, a nuaber )

4
' of  changes to  the source code had to be made. Most of
these  Changes  concernced pathnawmes, and all the changes are 1
docuiented 1n Appendix A for reference. Qne change: that i
- 4
l should be noted here iIs the "lock™ procedure of [SANE.  The
deslyglels included this proceaure to elliminate  the -
-
contention  of  Coulputel FelOUrCes pecause the new plotting :
' functivn  tukes wore time. The "lock" procedure allews only :
one BANE run per uscr. In order to study BANE mcre
elfriciently, ithis author eliminated the call to this
- -
)
procedure with  the use of comment tokens. The procedure
1
Culi  waslly be reinstalled by first deleting the comment 'j
tokens and  then recowmplling BANE. Appendix A includes the
] ® ' ——d
sleps necessary to do thils. ]

There are six major diffcerences betwecen BANE and the ]

‘.‘.1

old CLL projgram, and these difterences are as follows: T

PR

! - L : b ] e : o 4

- inclusien  or o technology  version option .
(CMOs o NMOUS; detrault 15 NMOS) 2

- 1inclusion  o0f uscer defined labels of the torm R
"label: CLL comivand" 1n the CLL syntax

)

-- darguticnts to  options must be soparated frow ]
thhe coption by a space  (le;  "=-v cmos” to {
suvlect CMOS technology) ]

s

-- all options must  precede  the the ", cl1" ]

J souree flles _ d

- any ClF tiles that are retercnced with an i
external  statement  from witlian  the ".clli® i:ﬁl
file must end with a ".c1"™ and not o ".c1i" PR

' R -- abh1l1ty  to piot DRC violatilohs ol the LCtual o d

circult plot

111-2




' -0 filename puts any output into filename
-da supplievs a user defined label or a label
of the form symname.llnenum to all calls
in the ".cif" file with user extension 5
(symname is the symbol name in the
; ".cll" file and linenum is the line
number it occurs on 1n the ".cll" file)
-h user labels generated for all terminals
-p display lines containing CLL errors
' <
-u user defined labels are generated and 1
included in the ".cif" file with user :
extension 6 :
. -V use alternate copy of cll2 language .
™| . processor o
-2 provide extensive diagnostics for 3
debugging BANE 4
-d # supplies a ".co" file with a depth ?
| corresponding to the level of 1
symbol calls given by the number "#" 1
-A plot output on AED terminal X
(NOT functional) X
) -r produce an 8.5 by 11 inch plot
~-b increase the raster plot to ;
9 feet
' ]
9
One of the primary reasons for developing BANE was to ffﬁ
' f_ include the capability to design CMOS integrated circuits 4
I11-3 -
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Table I1I-1. BANE Options

OPTI1ON

| RESULT

-v [n/clmos

selects the technolgy to be used, either

NMOS or CMOS; default is NMOS

————— ¥
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by wusing existing CAD tools for NMOS integrated circuilt

design. The technology version option allows the designer
to select the technology desired for the integrated
circult. Table 1I1I-1 summarizes the new options that are

included 1in BANE.

The -a and -u options are not useful for the current
lmplementation of ClFPLOT. Each generates a user extension
that 1s not recognizable by CIFPLOT. Therefore the label
teature would not be advantageous to use until CAD tools
thiat can use this extra information can be obtained.

Two useful options included in BANE are the -r and the
-p options. The -r option will cause the plot to be drawn
on 8.5 X 11 inch paper which will be suitable for reports.
But 1f the plot is very long compared to its height (height
being measured along the 11 inch side of the paper) then
the plot will not be contained within the allotted 8.5
inches. The -p option will print to the standard output
all the llines that contain a CLL error. This greatly
improves any debugging in a CLL file.

BANE recognizes nine different layers in the structure
of a CMOS integrated <circuit. Table I11-2 lists these
layers. There are four new layers assoclated with CMOS
design. The two layers, pwell and nwell, are used to
define the n-channel transistor area and the p-channel
transistor area, respectively. Either can be used
separately for single-well fabrication processes, or they

Can be used together for twin-well fabrication processes.

111-4
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Table II1I-2. CMOS/BULK Laycrs

CLL Layer | BANE CIF Layer | MOSIS CIF Layer
metal UM CM
poly up Cp
diff ub CDh
contact uc cc
glass UG CG
pwell UPW CW
pplug upp Cs
nwell UNW -——-
nplug UNP -—-
- --- CE
-~- --- CC2
- -——- CM2

The other two layers, pplug and nplug, are a b+ layer
and an n+ layer, respectively. They are used to cCreate
diodes, guard bands, and to provide a good ohmic contact
when grounding the p-well or tying the n-well to vdd.

Also shown in Table 111-2 are the layer names that the
MOS1S tabricators recognize. Currently MOSIS offers only a
standard p-well tabrication process. Betore a chip i1s sernt
to MOSIs for ftabrication, the conversion from the BANE CIF
layer names to  the MOS1S CIF layer names must be done.
Note that MOSIS offers a second level polysilicon (Ck), a
second level cut (CC2), and a second level metal (CM2).
These additional levels are used for creating capacitors,
and any design work must be done in CIF since BANE does not

support the layers.

I11-5
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DRC. After the circuit has been layed out, the
artwork should be verified using the design rule checker.
(Drsign rules are discussed 1n the next section.,) The new
DRC progruam allows the designer to declare the particular
technology just like 1n BANE with the "-v" option.

Besides the standard checks such as minimum width and
separation, DRC  also provides three additional checks with
the "-—-e¢"™ option., With this option, DRC checks for p-wells
connected  to ground, n-wells connected to vdd, and that all
divdes are shorted. The p-well and n-well checks only
consist of ensuring that these wells are connected to the
Salne  node; whether it is ground for the p-wells or vdd for
the n-wells the DRC makes no distinction. But because of
the way that DRC performs this check and the way that the
wells are connected to the supply voltages causes DRC to
report that the wells are not connected.

One additional talse error will occur when DRC 1is
used. DRC will report "contact cuts without poly or dift
underneath® for those contacts used 1n connecting the wells
to their respective sides of the power supply. These false
crrors  should be  Ignored 1n these situations only. The
"-¢" option should not be used unless diodes are being
lmplemented In the circuilt.

The ".drc" and ".co" tiles that are generated by DRC
and  BANE, respectively, should be kept. BANE permits the
designer  to "tag" DRC violations on  the actual circuit

plot.
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By typing
bane -v cmos file.drc file.co
the BANE pipeline will produce a plot of the circuit with
little black, solid diamonds corresponding to the general
area of the DRC violation. This eliminates any confusion
by showing exactly where DRC spotted a violation.

Extraction and Simulation. Verification of the

circuit should continue through the use of a simulator.
This could be an event level simulator or SPICE. Before
the simulator can be used, the necessary information must
be extracted from the circuit.

MEXTRA can be wused for the extraction because it
recognizes p-well CMOS. The designer must create a .cadrc
file 1in the home directory with the entry "tech cmos-pw" in
it before running MEXTRA with a CMOS CIFP file. The
designer must also change the CIF 1layer names to those
recognized by MOSIS before running MEXTRA.

SPICE can be run with this output from MEXTRA, but the
event level simulator cannot. The current implementation
of ESIM cannot be used for CMOS. However, there exists an
event  level si1mulator from the University of Washington
called RNL. RNL uses the binary output from a program
called PRESIM. PRESIM  takes for input the extracted
information tor the clrcult. According to the RNL User's
Manual, MEXTRA with the "-0" option will produce the
extracted 1ntormation (".sim" file) required by PRESIM.

This 1s not completely true, First, PRESIM does not like

I11-7
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the "n" declaration for n-channel transistors. It would
rather have an "“e". Second, the node records created by -

MEXTRA with the "-o" option do not contain all the

4 e A Asami.ia ol oman

information that PRESIM requires (PRESIM returns a "“bad

node record" error).
PRESIM requires the ".sim" file to be in M.I.T.

format, but MEXTRA produces the ".sim" file in Berkeley

P S Y

format. There does exist a filter program called SIMFILTER

that converts from one format to the other. This program

was used but the conversion process did not produce the

".sim™ file in the correct format for PRESIM. After

ama s ot

conversion, vital information such as the diffusion -t
perimeter, polysilicon perimeter, and metal perimeter in B

each node record was missing, and four fields 1in the

transistor records were 1in the wrong positions. PRESIM ’ !
cannot <create an accurate binary file for input to RNL
because of these errors.

There 1is an extraction program from the University of
Washington called NETLIST. This program takes a nodal
description of the circuit, in LISP-like syntax supplied by
the designer, and creates a ".sim" file that is completely
suitable for PRESIM. RNL can accurately describe the
switching wusing this output. Using NETLIST will take more
time in the overall design cycle because the designer must

write a nodal description of the entire circuit and all its

transistors, but wusing macro definitions as described in

the NETLIST manual does alleviate some of the design

111-8
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effort, For additional information on NETLIST, PRESIM,
RNL, MEXTRA, SPICE, and ESIM the reader should consult the
respective manuals.

Finally, there 1is a program called EXTRACT that AFIT
does not have. This program and a new version of ESIM
complement BANE. Their procurement would complete the CMOS
deslign cycle.

Appendix B completely shows the steps needed by the
desligner to layout and verify a CMOS integrated circuit
using the available tools at AFIT. 1In it is a flowchart
that shows the steps. Also included are the editing
changes that the designer must do in order to interface to

other CAD tools.

Design Methodology

Design Rules. As stated before, MOSIS only offers a

standard p-well fabrication process. This process is for

3um  (mlcrons) CMOS only. In order to satisfy the MOSIS 3um

design  rules and  the requirements of DRC, a set of design
rules were developed. These design rules are listed in
@

q sppendix  C. Although the tinal CIF file that 1s used for

fabrication can be scaled, the values presented for lambda

in Appendix C represent the best choice to ensure a proper
fabrication of the cilrcuit. These values also permit the
designer to wuse DRC without obtaining errors in minimum
width and spacing. The final scale value of 75/1 (lambda = S

1.5um) ftor the fabrication CIF file would give the smallest
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poussible «circuit if the values given for lambda in Appendix

C are used.

Simple Cells. A cell 1is a circuit that is used with

other «circuits like itself or different to make a larger,

b
&
-
ii more complex <circuit. Each cell provides a particular
! function. Simple cells would be <classified as those
i circulits that contain less that 10 transistors. Basic

logic gates such as inverters, NAND, NOR, and transmission

gates would fall into this classification. A simple cell
is relatively straightforward to design, and Appendix D

shows designs for a 2-, 3-, and 4-input NAND, a 2-input

P ——

NOR, an inverter, a double buffer (inverter pair), and a

transmission gate. Also included in Appendix D are the

SPICE outputs for each cell. Most of these gates will be
included in the design of a 4-bit ALU.

Each of the gates shown in Appendix D were designed to
allow for the smallest such device without violating any of
the design rules established in Appendix C. They were also
designed to allow for vertical tessellation, with the power
running vertically and the input/output running
horizontally. All inputs and outputs are in polysilicon,
except for the transmission gate whose output is metal and
input 1is either polysilicon or metal. All of the NAND
gates can be tessellated with each other. The inverter,
transmission gate, NOR gate, and the double buffer can only
be tessellated with themselves. The ratios used were those

established by Sommars in his thesis (5:V-8).
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Figure I11I-1. CMOS Inverter Layout

The p-well 1s <clearly identified 1in each gate, and

therefore the n-channel devices, see Figure I1I-1 for an

example. The rest of the wunused real estate of Figure
I1I-1 1is n-substrate. Note the contact cuts in the ground
wire that overlays the p-well. Below this section of wire
is a layer of p+ (pplug) material, The contact cuts and
I11-11
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the p+ material provide a good countact between the p-well
and ground. Liberal use of contact cuts to ground p-wells
should be implemented to provide better latch-up immunity.
Placement of the p-well should be done carefully, and the
design rules of Appendix C should be strictly followed to
ensure reliable operation.

None of these gates employ gqguard bands to eliminate
latch-up. Guard bands are the only effective way of
reducing latch-up because of the fabrication process that
1s available. MOSIS advises that the only effective way to
reduce latch-up susceptibility in this process 1is to use a
large guard band between the internal circuitry and the 1/0
circuiltry. Guard bands could also be used within each cell
to prevent spurious channel formation, but the design rules
and careful placement of the polysilicon gates help to
¢liminate this.

From looking at the SPICE output for each gate, the
capacitance that is inherent in a CMOS device becomes quite
evident. This 1s especially true when only one input
changes while the others remain high as shown in the SPICE
outputs for the 3-input NAND and 4-input NAND gates. These
two gates had to be modified as shown in Appendix D because
of thils capacitance.

The switching speeds could be 1increased by using
precharging, or since these designs are basic CMOS gates,
they could be eliminated 1in favor of using Domino CMOS.

RNL, an event level simulator, was also used on each of the

I11-12
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gates, and each gate switched correctly.
When designing these cells, especially NAND gates, the

designer must be careful in choosing the proper W/L ratios

of each transistor. Remember that a CMOS transistor pair
. LY
contains a relatively large amount of capaciltance so that ;j,q
. . ’
the transistors must be designed large enough to allow an {

} adequate current flow to provide maximum and symmetrical
' switching. Also the number of inputs of a NAND gate should
t; be limited to four. The reason for this is that in a CMOS ]
gate, the relative resistance of each transistor in the
conducting state 1s about the same (20:203). Consequently,

the number of inputs that change simultaneously will

O e e v-v57 g

influence the voltage transfer characteristic of the gate.

The transfer curve will shift, corresponding to the number
of inputs that change. This shift causes a decrease in o
noise immunity, and, hence, the usefulness of the gate.

The designer should also note that because the hole
mobility 1s less than the electron mobility, the width of
the p-channel device should be 1.5 to 2 times wider than
the width of the n-channel device for a CMOS transistor I

palr (20:205). The 1industry standard is 2:1 PMOS to NMOS

IO

tor transistor pairs (5:1I1-13).

Complex Cells. Complex cells are those circuits

that contain a large number of transistors. The same

. L
PTG PRI

methodology exists for these types of cells that exists for

raiad

simple cells. There 1is one addition, though, and that is ”331

the use of quard bands (or channel stops) with shorting fgf}
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diodes, or Schottky diodes. The guard bands are necessary
to prevent spurious channel formation of adjacent
transistors in the same substrate area. The shorting
diodes are wused to short the guard band to the substrate
ared. This 1is done by forming a 2x6 lambda contact cut
over the guard band-substrate junction (half on one side,
half on the other) and then covering it with metal. This
ensures that the transistors remain isolated. The 1/0 pads

in the next section can be classified as complex cells.

1/0 Pads

A set of CMOS/BULK pads have been obtained from MOSIS.
These pads were designed at M.I.T. for minimum
susceptiblity to latch-up under the current MOSIS
fabrication process. Appendix E shows CIFPLOTS for each
pad that 1is available.

The pads shown in Appendix E are known as the Group 1
pads. They are the only complete set and the most useful.
They are also the largest. Each one 1s 300x640 um, and
since they were 1laid out with lum equal to 1 lambda, the
size 0f each pad 1s 300x640 lambda. They include input and
output pads, Vdd and GND pads, a tri-state pad, a TTL
output pad, a buffered TTL input pad, and a buffered input
puad. There 1is no clock pad included in this group or any
other group. Fach pad has two Vdd buses and a single
ground bus.

The very top and very bottom buses dare the vdd buses.

I11-14
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Table I11-3. CMOS/LBULK Stundatrd Fad Frames

- - 4

Framc | Description
28p46x34 28 pins, 4000x3400 um A
I project size 3320x2120 um ) :
40p46x68 40 pins, 4600x6800 um
project size 3320x5520 um
40p69x68 40 pins, 6900x6800 um 1
f project size 5620x5520 un ) ’
64p69x68 64 pins, 6900x6800 um
project size 5620x5520 um -
4
64p7Yx92 64 pins, 7900x9200 um )
1 project size 6620x7920 um ) ]
L
84p79x92 84 pins, 7900x9200 um ]
project size 6620x7920 um
| e P
The Dboctom bus (the narrower one) also has a layer of n+ J
material beneath it and connected to it with contact cuts.
| This is the guard band that separates the internal 1 ;f
circuitry from the I/0 circuitry. It is only broken where ]
.:1
the connection to the pads must be made by the internal i
) circuitry and where the GND connection must be made to the '
GND pad. .
Also 1included with these pads are standard pad frames ‘
! shown 1in Table I1I1I-3. Each pad frame has a full complement ' ‘
of standard input pads. To change pads, the designer just  ljJ

needs to enter the CIF file for the pad frame and replace

' -., the call to the input pad with a call to the pad desired. 3

III1-15
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This eliminates any quess work as to the exact location of
placing pads around the perimeter ot the frame.

Custom pad frames can be designed by using the desired
pads alternating with “"padlspace"” which 1s a 300um wide

strip of the three bus materials. A custom pad frame is

not. necessarilly reliable because of latch-up
SusCeptibility. The standard pad frames should always be
usced.

For more information on the other two pad groups
avallable, the reader should consult the CMOS pads doc

ulnentation (21).

Cell Library

Currently, no CMOS/BULK <cell library exists. A good
cell 1library contains those cells that are most often used
by designers as  building blocks. It should contain logic
gates that are most often used.

Since no cell library exists, one was Ccreated. The
logic gates designed by this author are included, as well
as  the I1/0 pads, and the standard pad frames. The library
15 called "libc.lib" and it hias a corresponding
"c_ext.cll", It 1s wused the same way as the library for
NMOS . Appendix F  lists the cells available from the

library.
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IV. ALU Design

To fully test the CMOS design cycle as explained in
tlie previous chapter, a functional circuit incorporating as
many components of the cycle as possible was designed and
is outlined in this chapter. This functional circuilt is a

4-bit ALU.

Preliminary Design

In order to be able to make comparisons between this
technology and CMOS/S0OS technology, the ALU designed was
the one implemented by Sommars and is based on the Motorola
MC10181 (5:1v-1). This ALU is only four bits wide and is
Capable of performing not only arithmetic operations, but
also logical operations. This 1s accomplished through
comblnational circuitry included before each full adder
circuit. This ALU incorporates look-ahead carry adders to
increase the speed of the ALU. Figure IV-1 shows the logic
diagram of the ALU, Table 1V-1 defines the terms of the
ALU, and Table IV-2 shows the ALU functions.

As can be seen in Figure 1V-1, the ALU consists of 2-,
3-, and 4-input NAND gates, inverters, transmission gates,
and double buffers. Clocking is accomplished through the
transmission gates; the data and control signals being
input on phil and data being output on phi2. The double

buffers serve as drivers for sending data to other circuit

elements.
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Table IV-1. Definition of ALU Terms

Term ] Definition
AO - A3 Operand A
BO - B3 Operand B
S0 - 83 Function Selection (see Table IV-2)
SEL when "high" selects logic fcn;
when "low" selects arithmetic fcn
FO - F1 4-b1t output
P &G carry look-ahead output for
SUCCesS51vVe stages
Cl carry 1n bit
CO carry out bit

Table IV-2. ALU Arithmetic and Logic Functions (5:V-14)

Fen Select Logic Fc¢n Arithmetic Operation

SEL 1s HIGH SEL is LOW

$3 S2 S1 S0 | Cn of LSB must be HIGH

L L L. L F o= A F=4-1

L L. L H F = (A + B)' F = A plus (A + B')

L L H L F =A'"e B F = A plus (A + B)

L L H H F = logical O F = AXx 2

L H L L = (A B)' F = (A B) -1

L H L H F = B' F = (A+B) plus (A + B')

L H H L F =A®B F = A plus B

L H H H F =a9+ B' F = A plus (A * B)

I L L L F =A" + 8B F o= (A B') -1

H L L. H F'=AO®B F=AaA-B-1

H L H L =B F = (A*B') plus (A + B)

H L H H F =A B F = (A e+ B') plus A

H H L L F = logical 1 F = -1 (2's complement)

H H L H F'= A + B' F = (A + B') plus 0

H H H L F=A+ B F = (A + B) plus 0

H H H H F = A F = A plus O
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Detalled Design

Thilis ALU was deslgned 1n tive slices with the first
tour slices each containlng one A and B operand bit and one
output bit, and the fitth bit slice containing the control
plts, carry-in bit, and the carry outputs. But because
each slice 1s not exactly the same concerning number of
cells, each slice had to be designed separately. The
difference 1n  ecach slice 1is due to the corresponding
look-ahead carry circuitry.

There are three main buses in this design, and they
run vertically. The first bus, nearest the 1input
transmission gates, transmits the input control signals,
$0-83, to the other tour bit slices. These signals go to
comblnational circultry that then control how the input
operands are manipulated. The second bus consists of eight
wires that are staggered 1n length through the bit slices.
It 1is wused to transmit the carry information to the fifth
bit slice ftor calculation of the output carry. The third
bus 1s only two wires wide and is used to transmit the SEL
and CI control signals to all the bit slices.

Fach bit slice, except for the fifth slice,
manipulates only one bit of the'operand. Each has a one
bit  input for the A and B operand, and each has one output
tor the tinal product of the manipulation. The fifth bit
slice 1s the largest, and it contains all the control
lnputs. It also has the carry out information outputs, P,

G, and CdO.
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Because each cell (gate) was designed to tessellate
vertically, the <cells 1in each bit slice are stacked to
conserve space. Also by careful placement of the cells in
each slice, the power connections can easily be made.
Consequently, the Vdd and GND connections run vertically
with the main Vvdd bus at the top of the ALU, and the main
GND bus at the bottom of the ALU. The cells were placed to
permit the smallest possible dimensions, although the
vertical dimension could be shortened by about 50 lambda by
moving gates 1in the first and fifth bit slices and routing
wires in a 2zigzagging pattern. The overall dimensions of
the ALU are 864x1238 lambda, including the main vdd and GND
buses. The lower left corner of the ALU is the origin with

coordinates of (0,4) lambda.

Verification

DRC was run on the ALU and the expected errors were
obtained. These errors were "p-~well unconnected to ground"
and “contact without poly or diff underneath". These
errors were 1ignored for the reasons stated in Chapter 111,
page I11-5. There were only one or two minimum width
errors and thece were corrected.,

RNL was then used to check the operation of the ALU.
The 1results ot this test are inconclusive. The output from
MEXTRA with the ~o option was used in PRESIM, and a ".net"
file describing the ALU was created and used in NETLIST;

the output from NETLIST also was used in PRESIM. Both of
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IV-3. Modified ALU Functions

Fcn Select

Logic Fcn

Arithmetic Operation

SEL 1is LOW SEL is HIGH
53 52 81 SO Cn of LSB must be HIGH
H H H H F = A' F=AaA-1
H H H L F = (A + B)® F = A plus (A + B')
H H L H F = A' B F = A plus (A + B)
H H L L F = logical 0 F =AXx 2
H L H H F = (A« B)' F= (A« B) -1
H L H L F = B' F = (A+B) plus (A + B')
H L L H F=A®B F = A plus B
H L L L F =A. B' F = A plus (A * B)
L H H H F = A' +B F= (A B') -1
L H H L F = A® B F =A-B-1
L H L H F =B F = (A*B') plus (A + B)
L H L L F = A « B F = (A- B') plus A
L L H H F = logical 1 F =~-1 (2's complement)
L L H L F = A + B' F = (A +B') plus 0
L L L H F=A+B F = (A + B) plus 0
L L L L F = A F = A plus 0

the binary files
RNL, showed the

RNL, the simula

created by PRESIM and subsequently used by
same results. After loading and setting up

tion showed the outputs, FO0-F3, to go high

and remain that way. No change in inputs changed the state

of the outputs.
Subsequent

comparison with

(22:3-196)

Sommars' design,

analysis of Sommars' logic diagram and

the original logic diagram for the MC10181

showed Sommars' design to be 1n error. In

a NAND gate was substituted for each NOR

gate of the original design. This is lncorrect, since an

AND gate with
inverting 1inputs

each NOR gate.

WP LT TP W T Tl S T U I Y

inverting inputs or a NAND gate with
and inverting output must be replaced for

Because of this, the logic diagram and

1v-7
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layout of the ALU was nmodified. The corrected logic
diagram is shown in Figure IV-2 and the CLL layout is shown
1n Appendix G, The modification consisted of moving some
wires and adding 11 inverters as shown by the dotted lines
in Figure IV-2. The ALU functions also had to be modified
and 1s shown in Table IV-3. This modification consisted of
changing each "high" to "low" and vice versa for the
function select 1inputs, 80-S3, and reversing the role of
tlhie SEL input so that when it is "low", the logic functions
are selected, and when it 1is "high", the arithmetic
functions are selected. A hardware implementation of this
(instead of redefining the function inputs) would be to put
an inverter at the inputs of $0-83 and SEL, then all the
previous functions would be valid.

This ALU implementation was then checked using
PRESIM/RNL. The ".sim" file used by PRESIM was created by
NETLIST wusing a ".net" file as discussed on page 111-8 of

Chapter III. The binary output file generated by PRESIM

for use by RNL was 1incorrect. The total number of
transistors in the ".sim" file was not being read
correctly. The problem was found to be in the transmission

gates and the double buffers. For some reason, PRESIM does
not like them. These logic gates were then bypassed, and
the binary output file was generated properly.

Switching analysis of the modified ALU using RNL was
still inconclusive. Although outputs were being generated

for different input combinations of S0-S3 and SEL, most of

Iv-8

R B ° A
SSe e e s et
. O

S T R R T I S TR N N SRR RPN
Aol Pl Sl G L S SR S ST TS T PR W YR VI YA,

CANSE Snan Bags Bege Ao S ShZRE B S ece s

PP WS M WA W R R S



o PR S
T T

EEE T A e aoe S cat S S At Jad Sedumei it A A A A A A S S A A

the outputs generated by the ALU did not correspond to the
expected outputs given in Table IV-3. Those outputs that

did correspond were most likely coincidental.
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: V. ALU Comparison

:i This chapter presents a comparison between
CMOS/S0OS ALU designed by Sommars (5:V-12) and the CMOS
ALU designed in Chapter IV of this thesis. A phy
comparison of all the logic gates used in the layout o
ALU and the actual ALU 1is included. Throughout

)
"
3
S
%
& |
chapter, references to the CMOS/BULK ALU will be pre
|
b
b by the word "bulk", and references to the CM0OS/S0OS ALU
'
3

be preceded by the word "sos"

Logic Gates

The 1logic gates that are used in each ALU d
include 2-, 3-, 4-input NAND gates, inverters, transmi
gates, and double buffers. As expected, there

difference 1in the relative sizes of each. Table V-1

sOs vVversions, Included are the x-length, y-length,

and percent area difference for each. The percentage

how much more area the bulk logic gate incorporates
the sos logic gate.

On the average, the bulk logic gates are 39% 1

jﬁk logic gates each have the same W:L ratio for each p-ch
N and n-channel transistor, respectively, the bulk

gates require more silicon area because of the p-well.

V-1
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the
/BULK
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this
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will

esign
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is a

shows

the relative sizes of each logic gate for both the bulk and

area,
shows

over

arger

than those o0f the sos variety. Although the bulk and sos
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Relative

Dimensions tor BULK and SOS Logic

Device

$ 4arca

ared X area diff

Z2-11. NAND
$=1n NAND
4=11 NAND
TX_GATE

INVERTER

DUl

44 28

44

44

94 90

8Blo
1224
2860 1632
1140 391.5
EIY 23.5 23 540.5

8460 7711.5 8.8

note:

(x and y dimensions 1L lawbda; area in square lanbda)
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Table Vv-2. ALU Dimensions for BULK and SOS Versions

, BULK ALU S0S ALU % area
X X Y area X y area diff
- 864 1238 1,069,682 707.5 803 568,122.5 46.9

note: (x and y dimensions in lambda; area in square lambda)

The design requirements for the size and placement of the
p-well dictate how large the logic gate will be.

: Figure V-1 shows how the p-well increases the size of
a bulk logic gate. Both are 2-input NAND gates plotted
with the same scale. The sos NAND gate 1is much more
compact because 1its transistors are formed from isolated
islands of silicon on a sapphire substrate. The bulk NAND
gdate requires the p-well to form the n-channel
complementary transistor, and it must be large to ensure

1solation.
ALU

4-input NAND gates, 1nverters, transmission gates, and
double buffers. Because of this, the size of the ALU is
dependent on these logic gates and any associliated
interconnecting wires. As shown in the first section of
this chapter, the bulk logic gates are larger than the sos
logic gates, and, therefore the bulk ALU is larger than the

sos ALU. Table V-2 shows the dimensions of each ALU.
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The larger size of the bulk ALU has nothing to do with

the wiring changes and added inverters that were necessary

to correct the design of the logic of the sos ALU (see .

Chapter 1IV). There was no change in size of the modified -

ALU with respect to the original ALU. However, the bulk j

ALU can be made smaller in the y-dimension by bringing 1

]

devices closer together and routing interconnect wires in f

zigzagging patterns. Most of this shrinking can be done in J
the first and fifth bit slices for a total of approximately

50 lambda. The x~dimension cannot be made smaller. 1
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VI. Conclusions and Recommendations

Conclusions

A complete CMOS/BULK design cycle has been implemented

and fully tested to evaluate its effectiveness as a viable

set ot computer-aided design tools for the layout,
verification, and simulation of CMOS/BULK 1integrated
clrcuits. This design cycle is good for p-well, n-well, or

twin-well structures, although MOSIS currently supports
just the p-well fabrication process.

BANE was shown to be simple to use in the layout of
the CMOS integrated circuits (1t can also be used to layout
NMOS integrated circuits). The CLL constructs that are
employed by BANE make this layout uncomplicated. The added
options o©of BANE are useful (see Table II1I-1). The one
option that does not work 1s the grid option, -g. The BANE
pipeline misinterprets this option and instead of plotting
a grid over the circuit, it simply darkens the outline of
the circuit. The problem seems to be 1n the program
"concat" of the BANE pipeline.

The design rule verification, DRC, is also useful but
is limited because o0of the nature of the CMOS integrated
circuit structures. It is good for checking minimum widths
and distances, but 1t cannot be used for checking "p-well
connected to ground” or "n-well connected to vdd". DRC

also produces the errors "diffusion not inside n-well" tor

VIi-1
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the p-channel transistors, and "“contact without poly or
diff wunderneath" for all the contacts that are used to
ground the p-well. These errors indicate that DRC would be
most useful for the twin-well CMOS structure.

The simulation of a CMOS integrated circuit is
accomplished using NETLIST, PRESIM, and RNL. NETLIST
produces the ".sim" file for wuse in PRESIM/RNL. MEXTRA
with the -0 option cannot be used even when converted with
SIMFILTER because of differences in the fields of the
transistor and node records within the ".sim" file produced
and what PRESIM expects in the fields <. each record. RNL
was  shown to be highly wuseful and more versatile to use
than ESIM.

A CMOS/BULK library was developed, and it contains the
integrated circuits that were designed as part of this
thesis. All of the gates simulated correctly except for
the transmission gate and the double buffer. Although
SPICE analysis showed these gates to work properly (see
Appendix D), PRESIM would not correctly process these two
gates for simulation. Any design work should exclude these
two gates when simulating the circuit.

An ALU based on the Motorola MC10181 was designed
using the logic gates designed in this thesis. Limited
success was accomplished 1in the simulation runs of the
modified ALU presented in Chapter IV. These runs showed
the usefulness of RNL, but the bugs in the ALU have not

been worked out.
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‘ Also included in the library are pads. ‘These pads
were designed at M.I.T. for minimum susceptibility to

latch-up. They include standard 1input and output pads, a

) . i A P [

tri-state pad, and TTL compatible input and output pads. A ._Jq
problem with these pads occur when including them in a :Ziw

RN
".cll" tile with the "external" statement. BANE will not 1

plot the pads, and it gives the error "LAMBDA not gridded". 1
This error occurs because of the scaling factor within the
ClIF code for the pads. Therefore the pads must be included
in the CIF file only for the integrated circuit.

The final CIF file that 1s sent to fabrication must
have the "C-type" layer names that are recognized by MOSIS
(see Table I11-2}. Also the scale factor in the CIF file

can be changed to 75/1 to give the minimum size circuit

o

(lambda = 1.%5um). This scale factor can be left at 125/1

‘A

for a Sum minlmum feature size circuit implementation.

Recommendations

The following recommendations are made solely to

enhance the CMOS/BULK design cycle: -

1. The grid option, =g, of BANE should be
corrected. This would entail analyzing the
source code of BANE and perhaps discussing the
problem with the program's software engineers.
This could be done as a special study.

VI-3
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2. The CMOS/BULK ALU should be analyzed, and if
necessary discarded 1in favor of an ALU that does
not provide as many functions. The logic of the
ALU should be compared to the 1logic of the
original Motorola design. Any changes can then
be made and the ALU simulated with RNL. This
could also be done as a special study.

3. Procurement of three comnputer-aided design
programs from Berkeley should be made. They are
designed to complement BANE and to take full
advantage of its capabilities. These programs
are EXTKACT, an extraction program; ESIM, the new
version which 1s capable of simulating CMOS
cilrcuits; and CIFPLOT, the new version which is
capable of plotting the CMOS integrated circults
without having to use the -P option.

4. Procurement of an advanced CMOS/BULK library
should be made. Most CMOS design work is done
using 1library cells that are known to be fully
operational. An advanced CMOS/BULK library
containing complex cells 1s necessary to design
large systems efficiently.

5. A textbook about the design of CMOS
integrated circuits should be made available to
future VLSI students. A book similar to Mead &
Conway {6) 1s necessary, but one does not exist.

Selected articles on Domino CMOS and p-well CMOS,
coupled with Chapter I1 and II1 of this thesis
might be adequate until such a book can be found.
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Appendix A. Pathname Changes

Changes to the BANE source code are documented. Most
of these changes were pathnames so that proper execution of
the BANE »nipeline could be accomplished. Also presented
are the steps to reinstall the "lock" procedure for BANE.
All the changes were done to the source code that exists
under  the directories /usr/local/cad/lib/stanford/src/DRC83
and /usr/local/cad/lib/stanford/src/PIPELINE83/SRC.

1. For all source files :

/usr/local/include --> /usr/local/cad/lib/bane
/usr/local/lib ~-> [usr/local/cad/lib/bane
/usr/local/lib/drc --> [usr/local/cad/lib/bane/drc
/scr/DISTRIBUTIONS/DIST83/LIB ~=>

/usr/local/cad/lib/bane

2. For spathnames.h :
- pathnames for TPLOT, APLOT, and EAPLOT removed
- /scr/DISTRIBUTIONS/DIST83 -—-~>
/usr/local/cad/stanford/src/PIPELINE83/SRC

3. For bane.c
- pipeline modified to reflect removal of APLOT
and TPLOT

4. To reinstall the lock procedure :
a) Go to the directory
Jusr/local/cad/stanford/src/PIPELINE83/SRC/BANE
b) Edit Makefile
- add lock.c to the command line that creates bane,
line #56
c) Edit bane.c
- remove the comment tokens from the declaration
for lock, line #2221
- remove the comment tokens from the call to
lock.c, line #276
- remove the clean up call for lock.c,
line #6061
d) Run "make bane"
¢) Move "bane" to /usr/local/cad/bin

...........................
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Appendix B. CMOS/BULK Design Cycle

n -
;E The complete CMOS/BULK design cycle 1is presented. :i
:? Figure B-1 shows the cycle. j?
i In Figure B-1, the designer must supply the files h
".cll" which is the layout of the circuit used by BANE, and ;

".net" which describes the network of the circuit for use f

E in NETLI1ST. All the other files are <created by the ;
programs shown in the boxes. )

Before using MEXTRA, the designer must edit the ".cif" 7

b file, The "/" 1in the scale number (ie, "DS 1000 125/1;") ) j
i within the file must be deleted and a space inserted, and ??
F the layer names must be changed to those recognized by -.;5
i MOSIS, see Table 1III-2. The file ".,cadrc” with the entry —mmi
5 "tech cmos-pw" must also be added to the home directory. ;;
E The ".sim" file produced by MEXTRA cannot be used for the iﬂ
h event level simulator, RNL, because the binary file ) 41
tﬁ produced by PRESIM for use by RNL cannot be guarenteed to ?
;i be  correct  (see the section titled "“Extraction and :
P Simulation™ in Chapter III of this thesis). NETLIST should :
T; be used to create the ".sim" file for PRESIM. ‘lf
?f When  using  CIFPLOT, the option -P must be used with ‘ij
g K
* the file upat. This file contains the description of the f
. stipple patterns needed by CIFPLOT. E
. ,
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The following are pathnames to the necessary programs.
The designer should <create aliases for them in the .cshrc : |
file in the home directory, or simply add the paths to the .

PATH line in the .login file.

bane --> /usr/local/cad/bin/bane S
cifplot =--> /usr/local/cad/bin/cifplot R
mextra --> /Jusr/local/cad/bin/mextra

newdrc  --> /usr/local/cad/lib/bane/drc/drc_filter 1
netlist =--> /Jusr/local/cad/uw/bin/netlist 1
presim --> [usr/local/cad/uw/bin/presim

rnl --> Jusr/local/cad/uw/bin/rnl

spice --> Jusr/local/cad/bin/spice ’ p

RNL requires two files to be loaded prior to executing

a simulation run. These are loaded after invoking RNL by '

typing " (load "file") ", where "file" 1is one of the i WT
following: |
/usr/local/cad/uw/lib/rnl/uwstd.l .
/usr/local/cad/uw/lib/rnl/uwsim.1 R

)

To use the CMOS/BULK cell library, the term T:;g
#include "/usr/local/cad/lib/bane/c_ext.cll" ﬁiﬂi

must be the first term in the ".cll" file. Also, the BANE ->“:
option "-1" must be wused 1in conjunction with "c" in the :f
BANE command line; ie, "bane -v cmos -1 ¢ . . . " ;
To produce the CIF file that is sent for fabrication, ;

the option "-F" must be used; ie, ‘ﬁﬂﬁi
"bane -v cmos -F file.cll". TA:

1
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Appendix C. CMOS/BULK 3um Design Rules

il Presented are the design rules developed for CMOS/BULK
circuit layout. These rules conform to the MOSIS standard

3um p-well process, (L = lambda).

r; minimum poly width 2L
poly~poly separation 2L
: poly gate extension over active area 2L
minimum metal width 3L (.7uA/um)
metal-metal separation 3L
active area minimum opening 3L
active area separation 3L
poly-diff (active area) separation 2L
. minimum contact size 2Lx2L
‘e maximum contact size 2Lx6L
contact-contact separation 2L
Pwell minimum width SL

Pwell-Pwell separation, same potential 6L
different potential 10L

p+ active area to Pwell edge 6L

p+ mask overlap of Pwell 3L

p+ active area to n+ active area
separation inside or outside Pwell 3L

n+ dctive area in Pwell to Pwell edge 3L
n+ active area in n-sub to Pwell edge 5L

ditfusion (active area) cannot cross well boundary

scale in "final.cif" can be no smaller than 75/1
so that L = 1.5um

R
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Appendix D. Description and SPICE Qutputs
of CMOS/BULK Cells

Presented are the schematics, CLL plots and SPICE
outputs for the transimission gate (TX_GATE), 2-, 3-, and
4-input NAND gates (NAND2, NAND3, NAND4, respectively),
2-input NOR gate (NORZ2), inverter (INV), and the double
buffer (DBUF}. These cells were designed to allow for
vertical tessellation. They are also cross referenced by
CIF ID number for the CMOS/BULK cell library, "libc.lib".

The ratlos next to each transistor in the schematic
correspond to its width : length ratio. All units are in
lambda (L) .

The SPICE outputs for the NAND gates correspond to
different input conditions. These conditions are marked on
cach respective SPICE output.

The numbers that are included on both the schematic
and the CLL plot are the internal SPICE node numbers. The
location of each number on the schematic corresponds to the
same location on the CLL plot. This provides clarification

of electrical continuity in the CLL plot,.
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g vis 5.6ve b, -0.6ub 5,660 ’
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14x2a24308/18/89 #arasras  SPICE 20,1 (1S0CTHH) ersssss#d] i) oes424
8 CMOS/BULK 3-1N NAND TRANSIENT AWALYSIS

getes INFUT LISTING TEMPERRTURE = 27.8wd Dc6 C
Bresdttsraasatinstinitniandannaseiinsatsdandaiaitdanainandsdinsanansdainnnst

MIDTH OUT=5e

LPTIOS TTLI=086 1TLS=8

MODEL MM0S W05 (VTO=IV Tua=7504 UG=568 NSuo=1E1D LD=d,7L)
+LEVEL=]

MODEL PGS PHOS (VTO=-1V TOK=7301 UG=386 NSUB=2.3E19 LD=8.7UM)
+LEVEL=]

vib 18 DC W

MI 13541 PMOS L=3.8U W=1d.80

M2 6 5 4 8 NS L=5.80 W=30.0U

M3 1741 MOS L=5.0U W=18.80

M4 B 7 6 8 N1H0S L=5.8U w=30.8U

M5>8 968 N0S L=5.8U W=38.8U

M6 1941 PGS L=5.4U W=16.6U

COUT 4 8 8.2PF

VINL 9 8 PULSE (W BV INS BNS ONS 1onS) A, B, & C pulse high-low-high

VINZ 7 8 PULSE (W 6V INS BNS dNS léns)

VINI 5 8 PULSE (3V BV INS B8NS ONS 16N5)

TR INS 28NS

LPLOT TRAN V(93 Vid) (89,5

LEND
Jetasnt#d8/10/84 sanasaas SPICE 25,1 (1SOUTHE)  senasnsisag] 0Y:10aneni

] CMOS/BULK 3~IN ND TRANSIENT AWALYSIS
geeng MOSFET HODEL PARAMETERS TEMPERATURE =  27.6b8 DEG C

PRAAAERRAERAARRAERRARARIASRARAKIRAAERARNSARRRERELERARREARRRARNEARARRARES

N10S 0
d11PE NS 0
gLEVEL {.66d 1,608
sVT0 1.6  -1.008
kP 2,380-95 1.38d-83
borie 6.39¢ 4.628
yPHI 6.576 §.624
#lJ 1.620~84 1.61d-64
#T0x 7.56d-88 7.500-88
BNSUB 1.88d+15 2.50d4135
LD 7.66d-87 7.08d-i7
U0 S68.068  366.0u¢
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. ¢ 1) 5. 406d Co4) CCTTT [SN) NRCTT]) { &) CATTT]
2 (7)) S.eeee ( B)  b.des %) S.guby
VLLTAGE SOURCE CURRENTS .
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F NtE CURRENT 1
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_—
VINZ 6. dréy _
VIN3 8. dewd ]
TUTHL FOWER DISSIFATION  1.84d-18 WaTTS T
i
Itananakg8/16/54 #adatan¥ SPICE 25.1 (I1SOCTBO) ssansnsns@] 09;]5aunax - 1
g CHUS/BULK 3-IN WD TRANSIENT AHALYSIS B
gaaxs OPERATING POINT INFGRAATION TEMPERATURE = 27.408 OEG C R
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drensasanaannasakniinefnninnntndnnnnstnstnsnraninsnnnnatrisadssarssindnsan .
¥ S
granst MOSFETS -
"9
8 My M2 M3 M M5 M6 3
oMODEL  PMOS HA0S 05 1103 4GS PHOS
In) 6. arug -2.6ba-11 9. dewp -2.880-11 -2.88d-11 O, dvde L4
i S.688  S.gee  S.oee  S.088  S.e68  5.600 sl
vDs S.688  -d.vée  S.bee  -6.668  -9.688  S.6ed R
s S.088  -b.6e6  S.680  -8.668  -B.e88  S.eev Tl
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Texrannagl/16/84 ananetas SPICE 2G.1 (190CTod) seansedny] g9:9722242
¢ CrHOS/BULK 3= IN femw TRoe1ENT #iwALTSIS
Batas INFUT LISTIND TEMPERATURE = 27,646 DEG C )

drixttaatartfnantstantnnananensttazsafatananttentsotitttitnnnsatnnsinsses

WlDTH GUT=bd

JPTIRS 1TLI=Sed 1TLS=0

JODEL NH0S A0S (VTO=1V TOA=75044 UO=S08 NSUB=1ELS LD=6.70)
+LevEL=1

MOOEL MOS P0S (VUTG=-1V TOx=754 Ul=3ve WSUB=2.9E15 LD=8.7ut)
+LeVEL=]

i 18l w

F: M 1541 MMOS L=9.0U w=16.80

M2 55 4 ¢ MUS L=3,6U W=56.40
M3 1 741 MOS L=5.00 W=18.00
M4 8 7 6 8 WS L=3.0U W=38.00
M5 8 7§ 8 NI0S (=5.00 w=3b.00
Mé 1941 FHOS L=5.60 W10.80
COUT 4 6 8.2PF
ViNl 9 8 PULSE (SV BV INS BNS oNS 18NS} A & C pulse high-low-high
VINZ 78 D0 W B remains high
VING 5 8 PULSE (W BV INS BNS BNS 10S)
s JRA NG 2615
. PLOT Thett V9D V4) (v, T) o
L. EnD -
[eaas22298/10/84 wanssrrse SPICE 20,1 (150CTBY) renéaerd:9:4742112

—r q—‘ff
. ’
[

] CHOS/BULK 3-IN WD TRANSTENT réwilYS]S

HPLIY] MUSFET MODEL PARAMETERS TEMPERATURE =  27.680 DEGC

disttaRaastanntinsdatnnnndigdinattddfnntatdt iRt tdanindnsaaannsnintnint

2 MMOMMMMMAMY NEOUESNECERNS 3 MSACEAEREY ~ YR
14
[
4
i

N40S Pri0s

8TirE N1OS P05

bLeVEL 1.upe 1,644

810 1606 -1.008

8Kp 2.300-65 1.360-65

BiritH 6,356 8,026

#FHl 9.57  B.624

8CJ 1.820-84 1.41d-64

BT04 7.540-68 7,54d-68

BNGUB 1.68d+15 2.50d415

T 7.88-87 7.46d-87
. Bud 500,460 Gub.uub
P
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¢ CMOS/BULK 3-1N NetiD TRANSIENT AwALYSIS

Brare INITIAL TRANSIENT SULUTIUN TEMPERRTURE = 27.848 DEG C

Praazaaansatrdstartrdnnsaitnanntensnsatanannsfasitatnsnstatnsasntadtsans
NGDE  VOULTAGE HODE  VULTwoE NODE  VULTROE NobE  VOLThbE
o1 S.eesd ( 4) d.bege (3 S.ewee ( 6)  b.oude
7)) S.eeed ( B) e.vews ( 9) 5.bbee

VOLTROE SOURCE CURRENTS

NAliE CURRERT
Voo -2.68vo-11
VINI b, droe
Vinz 4. droé
VIN3 6. oo

TOIAL PUMER DISSIPATION  1.840-18 LATTS
PeaaaansgB/18/89 axerinar SPICE 20,1 (150CTEE) *xdsdsund] §9:47¢x444
] CMOS/BULK 3-1N NAND TRANSIENT ANALYSIS
Jares OPERATING POINT INFURMATIIN TEMPERATURE = 27.6e6 DEb C
PERRARAARAARLARRRARERARAAARLAKRRRRRARRLRRRNEN AR RAKRRARRLEAERARRA LSRR AR A

]
geear MUSFETS

] Hl M2 N3 M4 M5 M6
oiUDEL s N0S P05 1108 N0 PH0OS
o 4, aréé -Z.68d-11 o, drud -2.68d-11 -Z.68d-1! 8. didé
I 3,908 5.008 R LT 3.606 5.66¢ 5.bey
Vbs J.488  -d.9vd S.008  -o.b6b  -0.068 . bue
YBS S.e6  -0.80b S.668  -d.08  -b.608 5.bed

Larearnagf/10/84 eanannar SPICE 25,1 (150CTGY)  sanstnang]io¥:474xa0s
¢ CHGS/BULK 3= 1 D TRANGTENT AHWALYSIS
yrass TRAVSTENT HWaLYSIS TEMPERATURE = 27,908 DEG C
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Jeteaning8/10/84 #eaasnea SPICE 20.) (ISOCToY) aesexsndl];1g:230sas2
¢ CNOS/BULK 3-IN NeiD TRASIENT AWLYSIS o
dtars  ielT LISTING TENPERATURE =  27.866 DEG C

gerddstnsadadetndannitnnanntttenstnsssthineanstisatnisasaninanstsdnainss

SIUTH Wi=by

LOFTIONS [TLI=S0d 1TLS=6

LUDEL N1US NHOS (VTGRIV TOA=73004 U0=568 NSUB=1E1S LD=6.7UL4) N
TLEVEL=] © T
JMOUEL PHOS PMOS (VT0=-1V TOX=7544 UG=308 NSUB=2.5E15 LD=8,7Ut)
tLevel=]

V0D 1 8 0C W

MI 1D 41 PMOS L=D.0U W=1d.0U

M2 6 5 4 8 105 L=5.6U W=30.6U

M3 1 74} PHOS L=5.6U W=16.6U

M4 8 7 & @ Mi0S L=5.6U U=38.6U

M5 8 9 8 8 N0S L=5.6U W=38.6U S
18 1 9 41 PMDS L=5.3U W=18.0U -
COUT 4 ¢ 9.2PF

VINL 9 8 PULSE (3V 8V INS ONS BNS 16NS) A pulses hizh-low-hizsh

ViNZ 78 OC W B & C remain hi:h

VIN3 3B 0L WV

R IN3 2dNS s
JLOT TRAN V(9D Vid) (8v, ) i
b
IaetnetdtiB/10/84 tednisar SPICE 20.1 (150CTHe) wenanasa];18:2342244

e _Aa

] (MOS/BULK 3-IN NAND TRANSIENT ANALYSES
grrts MUSFET MODEL PARAMETERS TEMPERATURE = 27.868 DEG C i

pretasdnstatrdadrdettdnnntintingrnsntanhitnantnatniottinasNnEnthsAtAssastns

Ni0S PM0S
9TiFE 40S MOS
wLEVEL 1.808 1.660
eVTh 1.688 -{.468
#KP 2,380-99 1.380-05
ot 8.396 8.626
oFHl 8.576 8.024
vCJ 1.92d-84 1.0)d-94
8104 7.560-88 7.54d-88
Uh3LB 1.0080415 2.580+15
6Ld 7.000-87 7.08d-67
BUD Seé.6be  3u0.duY
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Jasneas4§8/10/84 dxdseaexr SPICE 20,1 (1500T68) #nasadnap]i]i:Zonasss

] (MOS/BULK 31N teiD TRANSIENT mialiS1S

geate INITIAL TRAWSIENT SOLUTION TENFERATURE = 27.88 DEG C

gRArARgatansfhaiRtngintninnnarensnsonstntnndansfunshnsntanasinntfnndidnasie

NODE  VULTAGE NODE  ViLTrbE nout  VOLTRbE ok VOLTRGE
{ 1} S.ewee  § 4)  e.vged 3)  S.oewd ( 8)  b.buek
7y S.ed66 < 8)  e.uded  C §) 5.6edé

VOLTAGE SOURCE CURRENTS

etk CURRENT

Voo -2.48ed-11
VINI 6. died
Ving B, dide
VIN3 8. deds

TOTAL POWER DISSIPATION  1.d4d-1d WATTS

1aenasstyl/ 0/84 #xenatas SPICE 20,1 (150CTGE) andasensg] 18:25nnd4

] {MOS/BULK 3-IN NAND TRANSIENT AALYSIS

garrt OPERATING POINT INFURMATION TEMFERATURE = 27.0688 DEG C

PARRRRRRAARRARRE AL HLRERAREAARRRRAARRERRRRAAARARRRARRRARR AR AR RARAREREN
¢
paeex MOSFETS

] Ml M2 M3 hi] M5 Mé
6r0oEL FH08 N40S ] h0S N10S PMOS
Y U, desd -2.86d-11 B, deby -2.4Bg-11 -2.884-11 8. dbe
Vs U.b6y 5.du¢ J.u8d 3.60¢ ST 5.008
VoS .68 -d.d68 S.066  -d.6d0  -6.646 5,608
vBS S.680  -d.uel 5.608  -0.068  -b.ub8 5.098

Jaatnaasyd/10/04 axransan SPICE 26,1 (150CTGE) saersansi];ig:23sedsr

] CHOS/BULK 3-1N MaD TRANSIENT AMALYSIS

"TYIT) TRANSIENT AALYSIS TEMPERATURE = 27.6v8 DEG C
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TaxaaanaB/10/84 aesnnaen SPICE 26,1 (IS0CTO8) #¥asanesf];]7:1204444
(] CHUS/BULK 4-1H NND TRANSIENT LTSS
Pites INPUT LISTING TEMPERATUKE =  27.684 DE6 C

pragasnsteaisndanaistiasaraganeranetsaprsaiiiianaifRsnntaiiistaitadetdnny

MWIDTH OUT=B#

LOPTIONS 1TL1=Se8 1TLS=6

LHGUEL NAOS A0S (VTO=IV TOX=751 UGSS08 NSUB=1E15 LO=6.7U0)
+LEVEL=1

JMGOEL PMOS PMOS (VT0=-1V TOX=754 UU=386 NSUB=2.5E15 Li=g,7uM)
+LEVeL=]

V0o 1 8 OC W

ML 1S4 1 PHOS L=5.6U W=18.8U

M2 454 8 NI0S £=5.80 W=37.5U

M3 8 7 6 @ N0S L=S.0U W=37.5U

M4 1741 PMOS L=5.80U W=ie.bU

M5 1 941 PMOS L=5.0U W=18.8U

Mo 16 9 8 8 18105 L=5.80 W=37,50

M7 1 11 4 1 PMOS L=5.8Y W=18.6U

MB 9§ 11 18 B 10S L=5.6U W=372,50

COUT 4 6 0.2PF

UINI 11 & PULSE (5V 8V INS éNS énS 16ns) A-D pulse high-low-high
VINZ 9 8 PULSE (5V 8V INS @NS BNS 18NS)

VIN3 7 6 PULSE (V 8V INS BNS BNS 16NS)

VIHA 5 0 PULSE (5V 8V INS BN5 8NS 16NS)

TR INS 28NS

PLOT TRAN V(11D V(4) (8V,5V)

JEND

1e22224208/16/64 annsesanx SPICE Z0.1 CISOCTOH) snsaisnng];i/:]12¢00%

] (MOS/BULK 4-IN NewD TRAWSIENT AHALYSIS
yrase MOSFET MODEL PHRAMETERS TEMPERATURE = 27.488 Dtb C

PRO2ARRSRLERRRARARERRRERRRRARRRARAKRARNAL AR RAARAARRRASRAAREARREARRRARASA

0S 0S8
8TYPE NH0S M08
oLEVEL 1.000 1,660
10 1,604 -1.080
oKP 2.3s0-05 1.38d-¢5
BORTA 8.394 6.626
oFH] 8.574 #.624
6Cd 1.620-64 1.41d-94
#70x 7.50d-68 7.5vd-¥8
BNSUB 1.080¢15 2.58d¢15
BLd 7.480-67 7.08d~87
bud S69.660 366,080
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JtstaneagB/18/64 sxunnans SPICE 26.1 (IS0CTO8) sssevnnsb]il7:122e042

] CMUS/BULK 4-IN NdD TRetSTENT HALYSIS

pates INITIAL TReivsJENT SOLUTION TEMPERATURE = 27.bus DEG C

girstararhesratdnghddnnnnstdnnantrsentdiee ot aaanAt R ERARARAARRRARRANERSE

NODE  VOLTHOE NUDE  VOLTAGE nODE  VOLTAGE NUGDE  VOLTAGE
(G Y 3.6460¢ (Y} CCTTT) (G- 5.0868 (& 8,808
D 3. 0044 (8 .0048 (9 LT ( 14) o.6dd8
CiD ST

VOLTHGE SOURCE CURRENTS

NAlE CURRENT

Vbd -2,273d-1t

VIN1 B, drvd

Vin2 8. d+ee

VINS 8. droe

VINd 8. dvib

TOTAL POWER DISSIZATION  1.390-18 WnTTS

Txaans2B8/16/84 sadanest SPICE 26,1 (150CTHY) #rwxnexx8]:17;)20x4%8

] CHOS/BULK 4-IN NeND TReNSIENT AMRLYSIS

yaaze OFERATING POINT INFORMATION TEMPERATURE =  27.80¢ 0EG C
BAERAR 2422 A RARLERAASRERIARAARARRERAE AR AAERIRERRAHFEAA NN ORANNAHR NS
¢

fazar MOSFETS

] M1 H2 M3 M4 M5 Mé M?
GRS oS 4405 N3 P0S PMOS A0S PMOS
iv ¥. degd -2.740-1) -2.74d-11 #. dreb 9, desE -2.77d-11 8. oib8
Jos S.408 N IT] 3,466 S.6u8 5,080 0.844 2,668
VvbS 3.648 -B.00 -B.880 5.080 5,084 -4.808 5,000
vBS 5,600 -6.860 -6.600 3,068 3,080 -4.608 5.008
[} M8
BMODEL  eaS 1
10 -2.77g-11 ]
V63 5.60¢
Vb3 -9.460
vBS -6.908 "o
fasensded§/16/84 aananens SPICE 26.1 (150CT89) snnsnsand]:17:1200k%e
-
¢ (MOS/BULK 4-IN NaiD TRANSIENT ANALYSIS S
~7
PYYY) TRiSIENT ANALYSIS TEMPERATURE =  27.066 DEG C :f'jJ,
LY
GREPAIERARRIRRARARIRRAEARTARARRAARNRAANRARIRAARRARRHPERARANAAAAnRRARRAS 1
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A HRVIT )

Tine WD

- X(At)=mmmommmnan b, dree 1.258d¢ 8y Z.508368 3.708dv66  9.G6bwates
I . arde S.eduarey . {
1.0d9d-89 5.6803+06 ¢ . %
289 L Ro17 g
3.0444-49 0. aowa{ . . o\.
4,6864-89 0. dmﬁg . . :
, 5.6000-89 6. dvée 2 . :
- 6.0g80-69 0. dﬂ!&f . H
- 7.808d-09 9. d'“f . . !
8.06vd-89 9. df&&g . . . H
9.6080-09 8. dOO&} . . H
1.808-88 0. dv8d # . . ¢
1.166d-88 &, d'“? R . :
1.2000-68 8. di66 * . . +
o 1.3¢dd-68 5.60varui . ; ——— /f
. 1.4060-98 5.0uBd+be . IR . $
- 1.5060-88 S.d4udeen . +, . . *
- 1.ogud-88 S5.880de6 . /./ . : . :
. I.7b0d-08 S.0videod . : : . $
—.- i‘-»s {.8d40-88 S.GBOdou; . . . ¥
: = 1.79dd-84 5.8&&04003 . . H
2,36dd-88 O.duBdtey ¢ . . . %
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Jansnaeags/10/84 #anassne SPICE 20,1 (150CTH0)  saranasnd];f6:3]48eas
] (HBS/BULK 4-IHN WD TRe$vSIENT HwiLYS]S

CELTE INFUT LISTING TEMFERATURE = 27,608 LEG C
YAttt dd a2 224000 AR AR RRARRRARNRRRRAARRARRRSIAERER RN RRNARRANRRER

WwI0TH QUT=6¢

JOPTIWNS 1TLI=S0d ITLS-@

SOOEL NAGS N10S (VTO=1V TOA=73M UG=5e8 NOUBSIELD LO=8§.7u1)
+LEVEL=]

MOOEL PMOS FM0S (VTO=-1V T0a=731 UG=308 NSUB=2.515 LiFy.7u)
tLEVEL=1

Vb 1§ 0T

M1 9 41 PMOS L=5.0U W=1d.80

MZ 65 4@ NiUs L=5.6U W=37.5U

M3 B 768 NH0S L=9.8U W=37.5U

M40 741 M0S L=5.6u W=18.80

M5 1 941 MOS L=5.0U w=1b.8U

Hé 18 9 8 6 NM0S L=5.68U w=37,5U

M7 1 11 4 1 PMOS L=5.00 w=10.8U

M5 o 11 1o 9 WI0S L=5.80 Ww=37.5U

CObT 4 o 8.2PF

VIND 11 @ PULSE (VU BV INS B8NS NS [6NS) A-C pulse hi h-low-high
VinZ ¢ 8 FuLSe (3V BV INS eNS BNS 1eNS) D remains hih
VING 7 8 PULSE (V BV INS BNS BNS 1eNS)

Vid 30 D0 Vv

TRt INS 28NS

JLOT TRt VAL V() (8V, )

.EnD

TeeadnandB/10/84 aesnenne SPICE 20,1 (150(T60) #enennssf) 1413144424

) CHO5/BULK 4~IM WD TRANSIENT ALYSIS
drrae MUSFET MODEL PArAMETERS TEMPERATURE = 27,648 DEG C

YRRRARRAERRARARARRAAARKRARAAKARRARARRARAKURARRLARAARRUAARARERAARERRARARE

NS 24 TH]
8TVPE NM0S B3
#LEVEL 1,068 1.000
V10 {.00¢  -1.e08
OKF 2.300-45 1.384-€3
Bortii 8.39 0.626
#PHI #.526 0.524
8CJ 1.620-84 1.0ld-04
810X 7.504-88 7.540-68
BiSUB 1.980415 2.580415
8Ll 7.900-87 7.80d-47
#U0 Sub.v88  3ee.008
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4

b CHOS/BULK 4-IN Navb TR SIENT AwLYSIS
praess INITIAL TRAnaIENT SOLUTI TEMPERRTURE = 27.bwe DEG C
UttRRRdAnARRARR IR RARARRRRERRARARRARAERRRNARSRARRARRRAARLAEARRARRERARREARSA
MOUE  VooTmBE  WODE  VOLTHOE  hWUE  VOLTRGE  NODE  VOLTHGE
1) S.seed {4 d.bdes  ( 5)  S.bbsb ( 6)  B.obbd
i 7) S.0660 ()| o .obuy (9 S.688¢ (i) ¥. 00ty
{1 S.64d0
VGLTAGE SOURCE CURKENTS
NAHE CURRENT
Vi ~2.773d-11
VINI B, d+6e
VIN2 g, dees
VIN3 0. deob
VING 9. de6e
T0TAL POMER DISSIPATION  1.39d-18 WwATTS
S
. [aarees283/19/84 taasaans SPICE 26.1 (1J0CTEE) ¥ewasndaf{:lg:3fvevns
o CHOS/BULK 4-IN MWD TRENSIERT &wiLYSIS
gesar  OPERATING POINT INFORMATION TEMPERATURE =  27.866 DEG C
PRezatstRAtegtRRARRARRARRRARARRRARASHAERRRARRARARRAERAAALLASEARALAALLRARDY
[} K
deerx HOSFETS -
¥ My M2 M3 M4 M5 N6 N7 F
BNUJEL  FHUS N10S DS PMOS PMOS N10S FMOS i
i) 9. atéd -2.74d-11 -2.740-11 8. d+6B B, dewé -2.77d~11 9. d+8d _*
Vo35 S.666  S.oed  S5.060 5.6 5.608  5.508  S.u60 ]
V05 S.g6b  -d.688  -vu.ee8  S.668  S5.668  -v.060  5.009
b3 5.600  -D.668  -G.666  S.608  S.068  -p.868  5.008 ]
Y MG
sHuvEL N1US T
1 -2.774-11 ]
YbS 5,000 o
oS -9.v88 -
UBS -4, 068 :
o Jenatexndd/18/64 arnneasr SPICE 26.1 (1S0CTEO) #aasansaef]fé:3feeras
) -
¢ {MOS/BULK 4-IN NavD TRENSIENT AWALYSIS o
o
greer TRAWSIENT AWALYSIS TEMPERATURE = 27.b48 DEG C )
PEARARRRAARAARRRARRRNARRAAARFARERANARARERERR sttt NatANER2RRRI AR 0e0d ]
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TiKE

d. dtbb
1.600d-6%
2.bbed-u9
3.v08d-4y
4,v900-89
J.68600-87
4. 668d-69
7.08¥0-8Y
8.v08d-89
Y.d080-¢Y
1.6660-98
1.1dvd-v8
1.2¢80-68
|.3v80-88
1.4680-68
[.5e00-08
|.obbo~¥8
1.706d-08
1.bvc0-98
1.Y480~68
2.0040-68

Vit
----- 9. 0vey 1.256a100 2.500d400 3.7500t48  S,vuédree
S.0u8dr64 ! . . . *
5.60bd+80 + .____/d.___’_______———-l
L N—— —
&, dioe i——-——qo-\\ .
6., deby . . . t .
)

b dviy ¥ . . \\\\\\'
8. dﬂ'ﬂi‘i . . !
B, dewp ¥ . . 4
d. d'(ﬂsli . . . :
6. deee ' . . . 4
8. diod 7 . . . i
B. g : : , ¢
8., dede r . . . :
8. d+8e » . .

ENTTT T : e ,/)f
S.de'“ . /'//’ . . :
S.06ud+e6 . -t R . %
s.evededd . 17 . ;
5.808086 .9 : . : }
NITEU T . . H
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Tantnasay8/10/84 esaatnnan SPICE 26,1 (100CToy) staessneg] ]0i40atnsn

¢ CHUS/ GULK 4= tedid TS TENT AwL1SIS ' ;
praxs INFUT L1STING TEMPERATURE = 27,080 DUEG C
dnantnunnﬂnunun:nununannnnuanutnunntnaﬂtu :

MIDTH GUT=dk 7

APTIaS b Ji=See [T S

MODEL 19105 W03 CVT=1V TOA=7501 U0=508 hsuB=1E13 Li=8.7ud)

+LEVEL=]

oDt PMOS PrGs (VTD=-1V T0a=75d UD=388 Noub=2.5E15 Lb=8.7W4)

7LEVEL=1
vub 1o DC W
M1 S 41 PMUS L=5.60 W=lb.6u
Mz ¢ 5 4 8 N10S L=3.8U W=37.5
M3 8 7 6 8 H10S L=5.00 w=37.50
Md 1 7 41 PH0S L=5.6U W=14.6U
MS 19 41 PH0S L=5.0U W=16.080
Mo 1d ¥ 8 8 405 L=5.60 W=37.50
M7 1 11 41 PMOS L=3.0U W=16.80 .

Mo ¥ 11 19 o NM0S L=3.80 W=37.9U

COUT 4 8 9.2PF
VING 1 8 PULSE <3V 8Y IN3 BNS oS leiid) A & B pulse high-low-high
Viliz 9 8 PULSE (3V BV INS NS NS 1end) € & D remain hi:h
VIN3 7 9 DC WV

P VINg 58 DC WV -
A Jiewd 165 28NS

PLOT TR VUTH) W(4) w8V,

JeND o
Taxsensag8/19/84 aadnnsns SPICE 20,1 (100CTEH) aassaanng] ]5:q4544nne .
o (MOS/BULK 4-IN ténil TRANSIENT ealYSIS - ﬁ

1
Cenr MUSFET MODEL PRAMMETERS TEMPERATUKE =  27.8ué 06 C :
Yrad a2 rata gt RARAAARANRAERARRRRARARRRERRRRRARAARARRRRRERRASS
NS FMUS
viTFE N0S FHusS
yLEVEL 1.00¢ 1.d04
oV10 i.6u4 -1.6be
oKP 2,34d-65 1.380-65
oty 6,394 0.428
U 6.576 b.024
yCJ 1.62d-94 1.610-64
¢TUX 7.98d-45  7.56d-¥8
olisut §.880415  2,%4d415
oLd 7.46d-97 7.68d-067
vuo AT I TR T
rJ
D-35
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fratnansyd/10/04 ttaganet

(2233

SPICE 26,1 «150CT68)
DHOS/BULK 4-1N pesdD TRANSIENT Wiwac oS

INITIAL TRARSIENT SULUTION TenPERaTURE =

segfental] 1545 enns

27,099 DEG C

ulxttttxtxntttitax*t1xxnian:a:iaficattaitaaaaatt:tliit!itii{ilttiitttlti

TOTAL PuiER DISSIPATIN

1.37d-18 WATTS

NODE  VOLTAGE ot vulingE NoE  VOLTAGE nobE  VULTHOE
i) S.6deY )] o .dddd [SY] 5,068 (4 b, 8660
S [N 5.0004 vob) d.004¢ oY) S.o6464 { 19) 6.0008
1
11 G.obee
rﬂ VULTRGE SUURLE CURKENTS
b NestlE CURRENT
3
s ) -2.773d-11
; VNl 4. deud .
@ Ylnz 6, a+ep
YIN3 4. dthe
Vihd 8. oOvdd

P

SPICE 26,1 C150CTod) Anaderaaf]:]5iqoankss

Jakexazzg/10/09 taknnans

] CHO5/BULK 4-IN tetND TRAMGTENT AwALYSIS
prren (PERATING POINT INFORMATI(N TEMPERATURE = 27.68¢ 0Z6 C i

h ditinxttttitatitiiiiiit*iifﬂtﬁiiiititititi!l!tiiiailitiliitl*!itttii*fl*
]
gasex MUSFETS
] M1 M2 M3 M4 M5 Mé n?
yHobeL Pus 105 NA0S oS (LR Ni0S S

? 10 6. deed -2,240-11 -2.74d-11 8. atey B, dred -2.77d-11 @, d+el
Vi3 9,844 U, 6oy 9.60¢ 5,006 5,608 3,064 5.609
vbs J.4464 -4.608 -4.00¢ NI 5,444 -4.6oY 5.64d4
vos S.6y -¢,8006  -0.606 9.808 5,668  -d.bed 5,800
] ito
uiobeL 103 )
10 -2.77d-11 3
VS 5. voy .
Vus -4.608 g
vgs -9.64y

P Taangatngt/ /64 aeansass SPICE 20,1 (150CT64) wavensang]:15:43e4nes

b (HOS/BULK d-IN WD TRANSIENT AWLYSIS
Prren TRAWSTENT Aeliils TEMPERSTURE = 27,164 DEG C

Uat'1¢gakatiatQtta:fg’l!fttﬁitaitiQtﬂﬂtici:!aaQ':taaQ:k:ﬁQtt!tﬁl!naiatqa
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3.0000-09 B, Gedb , * .
§.40060-45 &, av68 % . . —_TR“‘"“‘ﬁ\\ .
S.udeo-ey B, gedd ¢ . . . i\
é.6680-8Y 8, dwd H . . . ¥
7.0860-¢7 B, drye * . . . H
§.0sbd-49 8, ovree H . . . ¢
7.0660-89 ¢, di08 * . . . :
.bbia-e8 6. deed } . . . ¢
{.166a-v8 6. dted $ . . ¢
1.2000-48 8, dted * . . +
1.3000-68 5.b66d008 . . ——— —
{.d660-68 S.dgedgidy . . S . H
1.504d-v5 S.ovdoie0 . /0/ . . %
1.000d-48 5.8b8a+ee ./' . . . H
1.7080-48 5.884d+88 gt . . . H
1.6o0d-48 S.&&Bam; . . . t -~
1.900d~08 S.o80d¢60 H . . R H
Z.0000-98 S.9déagred + . . *
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Praxaeasgl/16/54 rananasn SPICE 20.1 (IS0CTBE) sesesnas@l;14:20204s
6 UMOS/BULK G-I il TRAVSIENT RwrlYS)S
girss INPUT LISTING TEMPERATURE = 27.8u6 CEG C

BARRRERARRARRAARRNERARA RS RENRARRRARRARNARRLARRELRRRARAARRAERRNERARSANRS

WiDTh OUT=80

LOPTIONS 1TLE=50b 1TL3=8

JMODEL N0S NH0S (VTG=1V TOX=791 Ul=586 nSUBSLELS LD=w.7UM)

+LEVEL=1

MOUEL PMOS PHOS (VTO=-1V TOX=750¢ UG=388 NSUB=2.5E15 LD=8.2uM)
+LEVEL=]

YbD 1 ¥ DL

Mi 1541 PHOS L=5.0U w=1d.6U

MZ 6 5 4 B 05 L=5.8U W=372.5U

M3 67 6 8 NNDS L=5.80 W=37.50

Md 1741 PMDS L=5.8U W=10.6U

HS 1 9 41 PMOS L=5.8U W=18.8U

M6 16 9 8 8 NMOS L=5.4U W=37.5U

M7 1 11 41 PMOS L=5.8U w=18.8U

MB ¢ 11 18 8 N10S L=3.8U W=37.5U

Cuul 4 9 8.2PF

VIND 11 8 PULSE (5 BY INS NS 8NS 16NS) A pulses high-low-hi:h
Uik 98 DL W By Cy & D remain high
VIN3 7 B D0 W

VING 58 OC W

JTRAN INS 28NS

LPLOT TRA V(L)Y Vi) (8V, )

JEND

Tanesad#08/16/64 saaxtase SPICE 20,1 C1500T50) senshasadlild:284usxs

] CMOS/BULK 4-IN NAND TRANSIENT AwlYS1S
T MUSFET MODEL PRRAMETERS TEMPERATURE =  27.488 OEG C

BAASRRAARARREALRARRRARAARRAAARRRARARRRRASARLRRLRRRAARRRALARSERARRARRARNRSE

NUS s
6TYFE A0S 405
oLeVEL 1.000 N TT]
i Lows  -1.498
oKkP 2.38d-85 1.3Bd-63
0 6re 1 8.396 0.626
o0PHi §.576 8.624
6CJ 1.620-64 1.61d-84
¥T0x 7.5¢0-88 7.560-88
BHSUB 1.06d415 2.58d+15
8LD 7.b8d-87 7.080-87
oul Jug.696  3ve.oub
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Teeteeanga/10/94 sesnsane SPICE 24,1 (150CTE8) #anassash];]d:264asss
¢ (MOS/BULK 4-IN 1e¥iD TRAMSIENT AewiYSI1S
TLIT WITiAL ThavdienT SGLUTION TEMPERATURE = 27.d0b (EG C
ORARRARARARAALARARRAARARRRARRARAERRRARRARARRRERRARAR 2R ARRARESRARRRARNRY
twut  VOLTAGE NOGE  VOLTwOE NGUE  VOLTAGE NGDE  VOLTRGE
Co1 S.eeed (4 p.bees (5 S.6BB8 (&) B.866E
73 3. 6000 ¢ 6) T (9N J.udd8 ¢ 18) 8.00b0
I S.edie
VOLTAGE SOURCE CURRENTS
NE CURRENT
VoD -2.723d-11
Ving b, dteé
vin2 U T
VING 8. déeb
VINY 6. didd
TOTAL POWER DISSIPATION  1,39d-18 WATTS
Paesseashos 19/84 anssende SPICE 26,1 (ISOCTEO)  anssanns]:1d:26assxn
] (MOS/BULK 4-IN NAND TRANSIENT ANALYSIS
FTEER] UFERATING POINT INFURMATION TEMPERATURE = 27.068 DEG C
BRRARRRERRAAEREAERAARRLRRRARKARRRAAAKARBRRRERRAEREAAAARERRRERRARRARARNER

]
dares MUSFETS

) ) N2 M3 M4 N5 Mé M?
BHUDEL s NMOS h10S PM0S PMOS N10S Pr0S
10 U, otdy -2.790-1) -2,74d-11 ©. deB6 @, des¥ -2.770-11 8. deee
Yo 5068 SCTT J.448 J.4b¥ 3.408 5.8u8 S.664
vhs S.000  -0.688  -d.600 J.v0 S.068  -d.d00 5.806
ViS5 G008 -B.668  -u.ub¢ S.008 S.608  -6.0e8 5.0u8
(] {8

gHUDEL N40S

1D -2.77¢-11

VoS 5.0

Vb3 -0.608

vbs -4.80y

Tenaesd408/10/84 #anaenen SPICE 25 ¢ (ISOCTEE) sesnanssg]:]d;2gas6ne

'] EHUS/BULK 4-IN WD TRASIENT AmLYSIS
geate TRAHSTENT AwaLYSIS TEMPERATURE = 27.608 DED C
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d. QY S.ududrey . . . 1 RN
1.dowa-¢9 J.dduaree o ____._________.________._.__—-———-i
2.0080-99 6.  aveb F—-f\‘ : . ,
3 qqdd-u? (] dqﬂg . '\.\ . .
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Appendix E. CIFPLOTS of Group 1 Pads

Presented are the CIFPLOTS for the Group 1 pads that
are available for CMOS/BULK design work. All units shown
in the figures are in lambda (L). The coordinates for the
vdd and GND buses 4are not given because they are not
necessary for any design work. The pad frames should be
used.

A description of the CIF layer names is as follows:

CLL Layer CIF Layer
. poly Up
K metal UM
diff UD
contact ucC
glass UG
pwell UPW
nwell UNW
pplug UPP
nplug UNP
-——- Xp

A more complete description of the different layers

can be found on page 111-5 of chapter I1I of this thesis.
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Appendix F. CMOS/BULK Cell Library

Presented 1is a listing of the file "c_ext.cll" which
shows the available cells 1in the CMOS/BULK library
"libc.lib". To use the library, the designer must include

the following line in the ".cll" file:

#include "/usr/local/cad/lib/bane/c_ext.cll"

To 1invoke the library, the -1 option must be used in

thie BANE command line as follows:

bane -v cmos -1 ¢ . . .

L.
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Appendix G. CLL Plot of CMOS/BULK ALU

(RLFRARAR. . A S g an o g
'

Presented are the CLL plots for the ALU. The entire

ALU 1is shown in Figure G-1, and the four quarters of it are
shown 1in Figures G-2 through G-5. The quarters permit
{ closer inspection of the ALU.

4

The definition of terms are as follows:

AQ - A3 Operand A

B0 - B3 Operand B -

S0 - S3 Function selection, see Table IV-1

SEL When "high" selects logic functions,
o when "low" selects arithmetic functions _
* FO - F1 4-bit output

P & G Carry look-ahead outputs

for successive stages

CI Carry in bit

CO Carry out bit
)
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ALU

BANE

CIFPLOT

CLL

CMOS
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Glossary

Arithmetic Logic Unit. Combinational
circuitry that performs arithmetic and logic
operations on two binary numbers.

A computer-aided-design tool used to layout
and plot NMOS or CMOS integrated circuits
using CLL, Chip Layout Language. It also
generates files that can be used in other
computer-aided-design tools such as CIFPLOT
and MEXTRA.

A computer-aided-~design tool used to layout
and plot integrated circuits using CIF,
Cal-Tech Intermediate Format. CIF is more
complex to use than CLL, although final
fabrication files are sent in CIF.

A computer-aided-design tool used to layout
and plot NMOS integrated circuits using CLL,
Chip Layout Language. It also generates
files that can be used in other
computer-aided-design tools such as CIFPLOT
and MEXTRA. BANE is a new version of CLL.

[

Complementary-Metal-Oxide-Semiconductor. A
transistor technology that uses an n-channel
field effect transistor (NMOS) and a
p-channel field effect transistor (PMOS) in a
complementary switching action. CMOS can be
used for digital or analog applications.

A computer-aided-design tool used to verify
the layout of an integrated circuit by
comparing the actual layout to a set of
design rules.

An event~level simulator used to verify the
switching of an NMOS digital integrated
circuit. It requires the simulation file
supplied by MEXTRA.
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HiCMOS A subgroup of the CMOS family that uses a
twin-well fabrication process with a double
layer of polysilicon. It increases the speed
and density of conventional CMOS.

MEXTRA A computer-aided-design tool that extracts
information about the nodes, transistors, and
capacitors of an NMOS or CMOS (p~well only)
integrated circuit. The extraction creates a
simulation file suitable for ESIM (for NMOS)
and SIMFILTER/PRESIM/RNL (for CMOS p-well}).

I
L,
VRN T i T S T W YRR SO

e

NETLIST A computer-aided-design tool that takes a .
network description of the entire integrated P |
circuit, supplied by the designer, and
performs an extraction on it. It creates a
simulation file suitable for PRESIM/RNL. B

NMOS N-channel Metal-Oxide-Semiconductor. A field
effect transistor that uses n-type doped
silicon to form the conducting channel
between the source and drain.

PMOS P-channel Metal-Oxide-Semiconductor. A field
) effect transistor that uses p-type doped
= silicon to form the conducting channel
between the source and drain.

PRESIM A computer-aided design tool that converts
the simulation file supplied by NETLIST into
a binary file suitable for use in RNL.

RNL An event level simulator that requires the . ’
binary output file of PRESIM to do the .
simulation of the integrated circuit. RNL ]
supports NMOS and CMOS. Lo

SIMFILTER A computer—-aided-design tool that converts a
Berkeley formatted simulation file into an 1
M.I.T. formatted simulation file and vice
versa.
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S0S A subgroup of the CMOS family that uses A

r silicon on a sapphire substrate (Silicon On } }
A Sapphire). The transistors are formed on
. islands of silicon grown on a sapphire 1
- substrate. This particular subgroup is not R
l susceptible to latch-up. 8
i VHSIC Very-High-Speed-Integrated-Circuits. This is NS

a DoD sponsored program designed to push the

development of integrated circuits that can

be dependably used in military, hostile, or

space environments.
G VLS1 Very-Large-Scale-Integrated (circuits). This

is a term used to characterize integrated

circuits that contain tens of thousands of

transistors on a single substrate.
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